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SUMMARY
This investigation is concerned with the unique property 
of blood, that its electrical impedance varies with flow.
A review of past work on this topic shows that the factors 
upon which this variation depends have not been properly 
investigated, and for any clinical application, further 
knowledge of these factors is required.
To this end, conductivity cells for use with flowing liquids 
were designed, and their electrode characteristics 
determined using saline solution, plasma and blood. This 
resulted in a new electrical circuit model being proposed.
The impedances of samples of human blood were found as 
functions of a number of parameters. In the majority of 
tests results were obtained over a wide frequency range 
(from about 10 kHz to 8 MHz), enabling electrode polarization 
to be accounted for. These fairly high frequencies, made 
possible by the use of a transformer ratio-arm bridge, 
reduced electrode effects to reasonable values.
The change in electrical impedance of blood with flow rate 
was examined as a function of flow tube bore, electrode 
disposition, temperature and erythrocyte concentration in 
addition to its dependence on frequency. Major findings 
concerned the dependence of this change on both bore of 
flow tube and electrode disposition.
A critical examination of hypotheses previously suggested 
to explain the mechanism of this change, and also of the 
Theological properties of blood, together with experimental 
results described here, led to the proposition that viscosity 
dependence on shear rate is linked to electrical impedance 
change with flow rate. Thus it would be logical to regard 
blood impedance as a function of shear rate, as part of a 
new theory.
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Some clinical applications were suggested, and a small 
diameter catheter for detection and monitoring of flow in 
narrow arteries was investigated. It was shown that such a 
catheter would also enable measurements of bore of vessels 
to be obtained.
- 3 -
CONTENTS
Summary   2
Acknowledgements   10
Symbols and Notation   11
Chapter 1.   14
Introductory explanations. The purposes and 
objectives of this investigation.
1.1 The electrical impedance of a liquid medium.
1.2 The purposes and objectives of this 
investigation.
Chapter 2.    23
A review of past papers concerned with electrical
impedance measurements on biological materials;
static and dynamic impedance of blood.
2.1 Introduction. The measurement of the 
impedance of biological materials.
2.2 The impedance of blood as a clinical 
parameter.
2.3 Plethysmographic methods for measuring 
blood flow based on the measurement of 
electrical impedance.
2.4 Measurement of flow by dilution using 
impedance measurement techniques.
2.5 The frequency spectrum of blood impedance.
2.6 The effect of motion on the electrical 
impedance of blood.
2.6.1 Early work (prior to 1945)*
2.6.2 The period 1945 - 1965-
2.6.3 Recent work (after 1965)
2.7 The application of the impedance - flow effect 
to clinical monitoring.
2.8 Summary of explanations offered for the 
mechanism of the impedance - flow effect.
- 4 -
Contents (corrfc. )
Chapter 3. ............
Aspects of haemorheology pertaining to electrical 
impedance changes. Some leading papers.
3.1 Introduction.
3.2 The meaning of viscosity in non-Newtonian flow.
3.3 Viscometry and flowing blood.
3.4 Viscosity as a function of shear rate.
3.5 Casson's equation.
3.6 Viscosity as a function of temperature and 
haematocrit.
3.7 The effect of axial accumulation on 
viscosity.
3.8 Velocity profile in flowing blood.
3.8.1 Experimental techniques.
3.8.2 Analytic methods.
3.9 Turbulence in flowing blood.
3.10 Concluding comments.
Diagrams & Table.
Chapter 4. ............
The design of the testing equipment and calibration 
of conductivity cells.
4.1 Introduction.
4.2 Theory of the inductively-coupled ratio-arm 
bridge.
4.2.1 Balance conditions.
4.2.2 Errors in the bridge due to imperfections 
in the ratio arms.
4.2.3 Errors due to stray capacitance and current 
leakage to earth.
4.3 Design of the bridge.
4.3.1 Specification.
4-3.2 The ratio arms.
4.3.3 The bridge standards.
4.3.4 Amplifiers etc.
4.4 The conductivity cells.
4*5 Comments on test results.
Appendix A4.
A4*1 Details of measuring circuits.
A4.1.1 Transformer ratio arms.
A4.1.2 Bridge components.
A4.1.3 Emitter follower components.
A4.1.4 Components for one section of two-section 
amplifier.
A4.2 Test figures for measuring circuit.
A4.2.1 Tests on bridge circuit.
A4.2.2 Test results on amplifiers.
A4.3 Standardization of cells.
A4-4 Details of conductivity cells.
Diagrams.
- 5 -
Contents (cont. )
Chapter 5. ......
Polarization effects in conductivity cells carrying 
alternating currents. Equivalent circuit models.
5.1 Introduction.
5.2 The physical basis of electrode polarization, 
and passage of current through an electrolyte.
5.3 Equivalent circuits for ideal electrolytes.
5*4 Analysis of the equivalent circuit.
5.5 Evaluation of the constants of the equivalent 
circuit.
5.6 Electrode polarization from half-strength 
physiological saline.
5.7 Electrode polarization using p3,asma.
5.8 Electrode polarization using blood.
5.9 An equivalent circuit model for blood.
5.10 Electrode polarization resistance.
5.11 Concluding comments.
Appendix A5.
A5.1 The equivalent resistance and capacitance of 
an ideal electrolyte.
AS*2 Electrode polarization capacitance values. 
A5.2.1 Electrode polarization capacitance using 
half-strength physiological saline.
A5.2.2 Electrode polarization capacitance using 
plasma and blood.
A5-3 Equivalent circuit values for blood.
Diagrams.
Tables.
Chapter 6. ..........
The impedance of moving and stationary blood
measured transversly to the flow direction.
6.1 Introduction.
6.2 The effect of frequency variation.
6.3 The influence of the capacity change on the 
overall impedance change.
6.4 The effect of temperature on conductivity and 
the conductance - flow value.
6.5 Some characteristics of blood plasma.
6.6 The dependence on erythrocyte concentration.
6.7 Changes in conductance and capacitance when 
motion ceases.
112
150
- 6 -
Contents (cont.)
Chapter 6. (cont.)
6.8 The effect of movement of electrodes towards 
the flow centre-line.
6.9 Comparison between platinum and silver electrodes.
6.10 The effect of cell bore on the conductance - flow 
value.
6.11 Observations on the results recorded in this 
chapter.
Diagrams.
Tables.
Chapter 7«   214
The impedance of moving and stationary blood measured
longitudinally to the direction of flow.
7.1 Introduction.
7-2 A comparison of conductance - flow changes in 
cells having transverse and longitudinal 
electrodes.
7.3 The effect of variation of the angular 
disposition of the electrodes.
7.4 Results obtained with wire electrodes.
7.5 Effect of variation of bore of conductivity cells.
7-6 Changes with time when motion ceases abruptly.
7.7 The variation of conductance with flow rate.
7.8 Comments on results obtained with longitudinal 
electrodes.
Diagrams.
Tables.
Chapter 8.    278
Applications of the measurement of conductance and 
conductance change in blood.
8.1 Introduction.
8.2 Construction of catheters.
8.3 Frequency response of catheters.
8.4 The effect of bore of flow tube, and the use 
of catheters to measure bore.
8.5 Effect of electrode separation.
8.6 Other applications.
8.7 Concluding comments.
Diagrams.
Tables.
- 7 -
Contents (cont.)
Chapter 9* ............
Assessment of results.
9.1 Introduction.
9.2 The character of the impedance of flowing 
blood.
9.3 The mechanism of the conductance change.
9*3*1 Axial accumulation.
9.3*2 Orientation of erythrocytes.
9.3*3 Distortion of erythrocytes.
9.3*4 Rheological implications.
9*3*5 Secondary cause of the conductance change. 
9.3*6 Turbulence.
9.4 Clinical applications.
9.4*1 Advantages and disadvantages of devices based 
on conductance change for monitoring blood 
flow.
9*4*2 Fields of application of conductance 
measurements.
9*5 Circuit models.
9*6 Further work.
9.6.1 The conductance change.
9*6.2 Catheters.
Appendix A9*
A9*l Newtonian flow in a long smooth vessel of 
constant cross-sectional area.
A9*2 Flow in a long smooth vessel, of constant 
cross-section, containing liquid obeying 
Casson!s equation.
Diagrams.
Table..
References.
315
343
- 8 -
Attached publications.
Papers published in connection with this work.
1. The effect of frequency changes on the electrical 
conductance of moving and stationary blood.
Med. & Biol. Eng. 10 734 - 741, 1972.
2. Effect of motion on the electrical impedance of blood, 
in Blood Flow Measurement. Sector Publishing Ltd.
Ch. 16, 93 - 97, 1972.
3. The electrical conductivity of flowing blood.
Biomed. Eng. £ No.12, 552 - 555, 1974.
- 9 -
Acknowledgements.
Thanks are due to:-
Professor J* M« Zarek, Head of Department of Mechanical 
Engineering, University of Surrey, without whom the work 
described herein would not have been possible,
Mr L. T. Cotton, Director, Department of Biomedical 
Engineering, King1s College Hospital Medical School, 
who provided invaluable facilities within the Department 
of Biomedical. Engineering,
Dr V, C«, Roberts and the staff of the Department of 
Biomedical Engineering, for their ready assistance in 
day-to-day requirements, without which a part-time project 
could not have been completed in the time available,
The London Borough of Richmond-upon-Thames, for finacial 
assistance,
The Governors and Principal of Twickenham College of 
Technology, for allowing generous relief from lecturing 
duties for research time.
The Librarian and his staff of the Library of Twickenham 
College of Technology, for their never failing assistance 
in obtaining references.
- 10 -
Symbols and Notation.
Note: where ambiguity exists between electrical and 
non-electrical terms, the electrical meaning is implied, 
unless specifically stated otherwise.
f Frequency.
CO Angular frequency (electrical),
j 90° operator.
s Operator d/dt, or jo) for the sinusoidal case.
R Resistance.
R Measured value of resistance,x
Rg Measured resistance of stationary blood.
R Measured resistance of blood in motion,m
AR Change in resistance, R - R .9 s m
AR/R Fractional change in resistance between moving ands
stationary states. Expressed as a percentage.
G Conductance. Equal to l/R when associated reactances
are negligible.
G ,G Conductances with suffixes as for resistance.
s ’ m
AG,AG/G Conductance changes, corresponding to resistance
S
changes.
/° Resistivity. Resistance per unit length, for unit
cross-sectional area. A constant of the conducting 
material.
g Conductivity. Inverse of resistivity.
g ,g Conductivities, with suffixes as for resistance.
Ag,4g/g Conductivity changes, corresponding to resistance s
changes. (Note: the terms AR/R , AG/G and Ag/gs s s
have the same numerical values when reactances are 
negligible.
C Capacitance (or capacity).
C^ Measured value of capacitance.
X Reactance. If capacitive reactance, equals l/sC.
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Cs,Cm Capacitances, with suffixes as for resistance.
AC,AC/Cs Capacitance changes, as for resistance changes.
Z Impedance. Combination of resistance and reactance.
Y Admittance. The inverse of impedance.
Z m , I m p e d a n c e s ,  with suffixes as for resistance.
AZ,AZ/Z Impedance changes, as for resistance changes,s
(a Z/Z ) The contribution of the resistance change to thes r
overall impedance change.
(a Z/Z ) The contribution of the capacitance change to thes c
overall impedance change.
E Erythrocyte concentration,o
t Temperature.
T Time.
8 Shear rate.
^  Shear stress.
Viscosity.
Other symbols are defined where they occur in the text.
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Units
Frequency-
Angular frequency
Resistance
Capacitance
Conductance
Conductivity
Resistivity
Time
Temperature 
Shear rate 
Shear stress 
Viscosity
Hertz (Hz); kiloHertz (kHz), MegaHertz 
(MHz). The cycle/sec. is obsolete.
Radians/sec.
Ohms (-A.). Also reactance and impedance.
Farads (F). All capacitances used here
are measured in picoFarads (pF).
Siemens. The milliSiemen (mS) is used here
Siemen/unit length. Here, mS/cm is used.
Ohms - unit length. Ohm - cm.
Secs, 
o,C.
>ec- 1
-12Dynes/cm or SI units x 10 
Poise. Here, centipoise or SI units x 10-3
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Chapter 1.
Introductory explanations. The purposes and objectives of 
this investigation.
Summary
The meanings and definitions of the various terms 
associated with the electrical impedance of a liquid medium 
are first introduced since these are required for a 
discussion of the problems to be investigated in this work.
The aims and purposes of the investigation are next 
introduced. These are, firstly to determine the characteristics 
and behaviour of the changes in impedance which occur in 
blood consequent on changes in its motion, and secondly to 
investigate the feasibility of applying these changes to 
clinical use.
The reasons for the use of higher frequencies than 
those that have normally been used in previous investigations 
are discussed. There follows a brief outline of the programme 
of tests to be conducted. During these tests, the results 
obtained with electrodes one downstream of the other 
(longitudinal or axial), compared to those obtained with 
electrodes facing each other across the flow stream 
(transverse or radial) were sufficiently important to 
influence the testing programme, and in consequence are 
mentioned at this point.
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It is suggested that the dependence of impedance on flow 
is related to the haemodynamic problem, and that the results 
obtained may be interpreted in terms of, and shed some light 
on this problem.
The application of this effect to a catheter-type 
flowmeter is then discussed. This would have the advantages 
of small size, with the possibility of monitoring flow in 
smaller vessels than hitherto possible, and sensitivity at 
low flow rates. An important property of such a device would 
be its capability for measuring the internal cross-section 
of diseased vessels, a much-needed measurement which is at 
present not readily obtainable. The possibility of using 
this effect without invading the bloodstream is also 
mentioned.
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1.1 The electrical impedance of a liquid medium.
The work to be described herein concerns various aspects 
of the electrical impedance of human blood. In order to be 
able to describe the aims and purposes of this investigation, 
a few fundamental ideas and definitions must first be 
introduced.
The term ,fimpedance,f is used in non-electrical branches 
of engineering science, for example in hydrodynamics, but 
here it will be taken to imply ”electrical impedance” unless 
otherwise stated. The common symbol for impedance is Z.
The impedance of a liquid medium is measured using 
electrodes as the necessary connections to the electrical 
measuring circuit.These are simply metal plates (or other 
shapes), which are immersed in the liquid and to which 
electrical leads are affixed. At least two electrodes are 
required. The impedance between these electrodes is defined 
as the complex ratio of voltage applied to the electrodes, 
to the resulting electric current flowing between them, and 
is measured in Ohms. It is a function of the applied voltage 
frequency, and hence a sinusoidal voltage is most convenient. 
The reciprocal of the impedance is termed the admittance.
The symbol for admittance is Y.
The various factors which contribute to the measured 
value of impedance may be divided into:-
(i) Those introducing unavoidable impedance associated with 
the electrodes and the interaction of the liquid and 
the electrodes.
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(ii) Those concerned with the characteristics of the liquid 
(these being the factors of immediate interest), and 
those concerned with the geometry of the current path 
through the liquid.
For low values of current density, typically under 
1 mA/cm , the electrodes introduce an impedance which is 
independent of current density, but which varies with frequency 
so that as frequency increases, the electrode impedance 
diminishes. In measuring the impedance of a liquid, the 
electrode impedance is not required, and hence the 
measurement technique must be such that electrode effects 
can be avoided or compensated for. These effects will be 
discussed more fully in Chapter 5*
The current flowing in the liquid medium may, in the 
absence of suspended particles, be considered as having two 
components:-
(i) A component termed the ’’conduction current”, which is 
in phase with the applied voltage, the ratio of voltage 
to current being the resistance of the medium and its
inverse the conductance.
(ii) A component termed the ’’displacement current”, which has 
a phase angle ofTt/2 radians with the applied voltage. 
Displacement current results from ’’polarization” of the
liquid, i. e. it becomes ionized by action of the electric 
field, and the charged ions tend to move in an oscillatory 
manner, following the reversals of the applied electric field. 
This motion produces the displacement current.
If the impedance of the medium is represented by a 
resistance and capacitance in parallel, so that the conduction 
current flows through the resistance and the displacement 
current through the capacitance, where the capacitance is 
given by the expression C = l/j(jV or i/sV, then both the
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resistance and capacitance are constant over a wide frequency 
range. Now the resistance and capacitance are both functions 
of the nature of the medium and of the geometry of the 
current path. The corresponding quantities which are 
independent of the geometry and are functions only of the 
medium are termed the nconductivity” and ”permittivity” 
respectively, these being the ratios of conduction current 
density and displacement current density to voltage gradient 
or field strength. These quantities may be defined at any 
point in the liquid.
The inverse of conductivity is termed resistivity, the 
former being normally used for liquids and the latter for 
solids, although some writers have used the term resistivity 
or sometimes its equivalent, ’’specific resistance”, in the 
case of blood. In the results to be presented here, the 
impedance of blood will be measured in terms of resistance 
and capacitance in parallel, (R and C ) and, where appropriate,
X X
the measured values will be converted to either conductance G 
or conductivity g, the latter being of more use as a term 
for general comparison.
Electrode polarization is more prominent at low frequencies 
and two approaches may be used in order to minimise its 
influence. The approach used here is in the use of high 
frequencies, using two electrodes. This is made possible by 
the use of a transformer ratio-arm bridge (see Chapter 4*)*
The alternative, as used by some workers, is the use of a 
four-electrode method. The essential feature of this latter 
method is that current is led into and out of the liquid 
using one pair of electrodes, while potential drop is 
measured between another pair situated between the first pair. 
The ratio of voltage to current is then the impedance between 
the voltage (inner) electrodes. Electrode polarization is 
then assumed not to affect the measurement. Unless it is
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intended to merely record voltage changes on some form of 
recorder, the circuitry for impedance measurements is more 
complicated than that required for the two-electrode method, 
and the latter method is preferable at high frequencies. 
SCHWAN (1955) has shown that electrode polarization effects 
are not, in fact, eliminated by the use of four-electrode 
techniques. Some workers have used two-electrode techniques 
at low frequencies, and in consequence their results are 
of doubtful validity.
1.2 The purposes and objectives of this investigation.
These may be summarized as follows:-
(i) To investigate the change in impedance which occurs 
when blood changes from the stationary to the moving 
state.
(ii) To study the feasibility of using this effect for the 
purpose of clinical monitoring.
This change in impedance with change in velocity of 
flow (henceforth termed the ’’Impedance - flow effect”) is 
probably unique to blood, although it has been claimed that 
a similar effect has been observed in non-biological 
suspensions (GUTMANN et al, 1969)* An explanation for this 
anomaly is offered in Chapter 2. The effect in blood has been 
observed by a number of workers (summarized in Chapter 2.) 
but the results have been contradictory and no definitive 
characteristics have been produced. In particular, the 
influence of frequency on this effect, which is important 
in assessing the significance of electrode impedance, has 
not received any attention. Before the design of any 
clinical monitoring device could be considered, it was 
regarded as being essential that a knowledge of the 
characteristics of this effect should be obtained.
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The emphasis was placed on the use of fairly high 
frequencies (from about 10 kHz to 8 MHz) in order that 
difficulties associated with electrode polarization, 
mentioned in the previous section, could be avoided. For 
this purpose, measuring equipment, based on the transformer 
ratio-arm bridge, was designed and constructed. As well as 
investigating frequency characteristics, the effects of 
other factors on which the impedance - flow characteristic 
might depend were also investigated. These included 
temperature, erythrocyte concentration, conductivity-tube 
diameter, electrode separation, etc. A result of considerable 
significance was obtained when comparing the effects of 
various electrode dispositions. The impedance - flow change 
was found to be considerably greater when using a pair of 
electrodes, one downstream of the other, than that between 
a pair of electrodes facing each other across the flow- 
stream. It was also found that when using the longitudinal 
configuration of electrodes, a large increase in the effect 
was observed in tubes of decreasing diameter. The effect of 
electrode disposition has received little attention in the 
past, and the marked increase in the magnitude of the 
impedance - flow effect when using a longitudinal arrangement 
has not been noticed until the present (FREWER, 1972).
There have been a number of attempts in the past to 
explain the mechanism of the impedance - flow change, and a 
tenable theory is still awaited (but see FREWER, 1974)* Such 
a theory must be capable of reconciling all known 
experimental evidence of proven validity. Results such as 
those obtained by COULTER and PAPPENHEIMER (1949)? discussed 
in Chapter 2., indicate that consideration of electrical 
effects in terms of haemodynamic properties should prove 
productive.
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The dynamics of blood flow have been the subject of 
numerous investigations, many of which have been unable to 
reconcile theory with practical results owing to the 
assumption of Newtonian flow. Acceptance of the thixotropic 
nature of blood has led to a fresh approach to the problem, 
but a definitive solution to the nature of blood flow has 
yet to be obtained. An attempt to relate electrical 
properties of blood to its haemodynamic properties may shed 
some light on this subject.
It has been suggested on occasion that the impedance - 
flow effect might be utilised for measurement of blood flow. 
However, to date there has been one attempt only which has 
shown any sign of success. This was due to DAVIS (1969) and 
used a method in which one electrode was immersed in the 
blood stream, while the other was situated at a point remote 
from the blood stream but in electrical contact with it. The 
method used low frequencies, where there is normally 
considerable difficulty due to the electrode impedance, 
particularly the large capacitive reactance component. The 
large distance between electrodes increased the medium 
impedance to a value comparable to the polarization impedance. 
Such a method depends on an averaging process, due to the 
large amount of blood and vessel between electrodes.
The present work has approached this problem by using 
frequencies high enough to reduce the polarization impedance 
to manageable proportions. At these frequencies, the use of . 
a catheter-type flowmeter was investigated. Such a flowmeter 
has the important advantages of ease of miniaturisation, and 
high sensitivity at low flow rates. An alternative approach is 
to utilise the effect for flow measurements in exposed vessels 
by placing a plastic cuff carrying a pair of electrodes over 
the vessel, in a manner similar to the conventional form of 
the electromagnetic flowmeter.
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The measurement of the internal diameter of blood vessels 
has proved difficult in the past, and a method giving results 
of reasonable accuracy is urgently required for detecting 
reduced bore in atherosed vessels. The use of the impedance - 
flow effect also requires a knowledge of internal diameter 
as it happens, since it will be shown (see Chapter 7*) that 
the effect is a function of this diameter.
This problem may be solved easily using a conductance 
measurement, since it may be shown (see Chapter 8.) that 
the steady-state conductance measured between a pair of elec­
trodes is also a function of diameter for circular bores. For 
irregular bores, conductance may be taken as a function of 
cross-sectional area. The conductance value to be taken in 
vivo would be the diastolic value. Thus, when using a 
catheter-type device for monitoring flow, the internal 
diameter or cross-section could readily be found for 
calibration purposes, and would then be available as a 
clinical result in its own right. Furthermore, if it was desired 
to determine the variation in average diameter or cross-section 
over a length of artery, this could be done quite simply by 
drawing the catheter head along the artery.
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Chapter 2.
A review of past papers concerned with electrical impedance 
measurements on biological materials; static and dynamic 
impedance of blood.
Summary
This chapter is mainly concerned with a review of work 
done in the past involving measurements of electrical 
impedance of both stationary and moving blood.By way of 
introduction, reference is made to impedance measurements 
of biological materials in general, and to some of the 
clinical applications of these measurements.The measurement 
of impedance of static samples of blood is then introduced, 
including work where impedance values have been related, or 
attempts have been made to relate them, to various clinical 
conditions. There follows a brief reference to plethysmo- 
graphic methods employing a measurement of impedance. 
Limitations in these methods are discussed. This section 
concludes with a reference to the use of impedance 
measurements in connection with flow-dilution techniques.
The main section consists of an appraisal of work in 
which measurements have been made of the impedance of blood 
in both the stationary and moving state, and comparisons 
between these two impedances made. Some attempts have been 
made to explain the mechanism of the change in impedance 
which occurs as the motion of blood changes, and these 
various theories are included, together with supporting
evidence as and where appropriate. An important feature of 
this mechanism is its relationship to the haemodynamic 
behaviour of blood, and this needs to be included in 
any attempt to explain the mechanism. Several of the papers 
reviewed here include this aspect.
Finally a paper is discussed in which an attempt is 
made to utilise the impedance-flow effect for the purpose 
of clinical monitoring of blood flow.
2.1 Introduction. The measurement of the impedance of
biological materials.
, S '
A considerable amount of work on the measurement of 
the electrical impedance of biological materials has been 
done in the past. Usually the impedance measured has been 
that between a pair of electrodes, but in some cases, the 
four-electrode technique has been used. The majority of 
measurements have been concerned with the response of the 
material to alternating voltages or currents, since the use 
of direct current gives rise to considerable difficulties at 
the electrode-biological material interface. The usual 
object has been to obtain a characteristic quantity for the 
material, often the resistivity or specific resistance.
Some workers have quoted values for the reciprocals of 
these quantities, namely the conductivity or specific con­
ductance. The dielectric constant, being the ratio of the 
permittivity of the material to that of a vacuum (also 
termed the relative permittivity), has also been 
investigated for various biological materials.
The purpose of obtaining these values has been, in the 
majority of cases, to enable changes in these values to be y 
observed, and to relate these changes to various physio­
logical events or conditions, with the ultimate aim of 
application to diagnosis, patient monitoring and pathology.
A comprehensive paper by GEDDES and HOFF (1964) contains a 
review of this aspect of impedance measument with many 
applications. These include impedance changes as a function 
of seasonal variations, thyroid function, changes in the 
autonomic nervous system, respiration, heart sounds, etc.
A later paper by GEDDES and BAKER (1967) lists values 
of specific resistance for a wide range of biological
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materials, determined mainly at low frequencies. These values 
appear to have been obtained at a single frequency in the 
majority of cases, and unless due allowance has been made 
for electrode polarization effects, they are in consequence 
suspect (see Chapter 5*) Both papers include long lists of 
references.
Papers by SCHWAN (1955* 1963) include the effects of 
frequency change on both specific resistance and dielectric 
constant of a number of materials. The methods by which 
errors due to polarization effects at the electrodes were 
avoided, are fully described.
2.2 The impedance of blood as a clinical parameter.
The impedance of blood has been used clinically for a 
variety of purposes. One of the earliest applications was 
as a measure of erythrocyte concentration (STEWART, 1899; 
GRAM, 1924; STEWART, 1929).A paper by ROSENTHAL and TOBIAS 
(1948) showed that the ratio of blood resistance to plasma 
resistance may be related to the cell volume per unit volume 
of blood, rather than the number of cells per unit volume.
A haematocrit meter was described by OKADA and SCHWAN (i960) 
again based on the measurement of impedance.
ROSENTHAL and TOBIAS (1948) also described a 
reproducible pattern of resistance change which takes place 
during clotting, enabling a reliable measure of clotting 
time to be obtained. Subsequent work in this field includes 
papers by HENSTALL (1949a & b), RICHARDSON and BISHOP (1953) 
and WADA (1959).
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A paper by KAGEYAMA et al (1966) related measurements 
of blood conductivity to concentration of its various 
constituents, in a rather similar manner to the papers 
mentioned above, but in addition investigated the relevance 
of these measurements to clinical observations of diseases 
affecting blood constitution.
2.3 Plethysmographic methods for measuring blood flow 
based on the measurement of electrical impedance.
Plethysmography is a method of measuring blood flow 
into an organ or member which is assumed to be perfectly 
elastic. If the output is fully occluded, and the input 
remains the same as it was before application of the 
occlusion, then the rate of increase of total volume 
occupied by the organ or member thereafter is taken as equal 
to the volume flow rate of the inflowing blood.
The rate of increase of volume may be measured by 
various methods, of which the best known is probably the 
immersion of a member such as an arm in a tank of water and 
noting the rate of overflow. In the case of an organ, which 
may not be readily accessible, an electrical method appears 
attractive. If electrodes can be affixed to the exterior 
surface of the organ in some suitable manner, then the 
impedance measured between a pair of electrodes, or the 
ratio of volt-drop to current flow using four electrodes, 
will vary in some way as the volume varies.
This form of measurement, termed ,fimpedance 
plethysmography”, has been investigated and is used 
clinically. A four-electrode technique is common, a typical
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example of its use being in the measurement of blood flow 
in a finger. Four metallic bands are placed around the 
finger, and are used as electrodes, current being supplied 
via the outer bands and voltage being measured between the 
inner bands. Papers by SCHWAN (1955), RUSHMER et al (1953) 
and NYBOER (1959) describe these methods.
Impedance plethysmography has also been used for 
measuring pulsatile flow. Perhaps the most important example 
is in the estimation of cardiac output. The method consists 
in attaching two electrodes to the appropriate walls of the 
heart chambers, for example, the left ventricle. Impedance 
changes resulting from pulsatile volume changes, and 
measured between these electrodes, are assumed to be related 
to cardiac output. A similar method has also been used to 
detect peripheral and cerebral pulses (RUSHMER et al, 1953; 
NYBOER, 1959).
Plethysmographic methods have, however, certain 
important limitations, which have led to their use becoming 
somewhat discredited. Not only must the organ or member be 
assumed perfectly elastic, as previously mentioned, but in 
addition the tissue of the organ must remain constant in 
volume despite the changing stresses and pressures resulting 
from variations in the amount of blood contained by the 
organ. Further, the haemodynamic input impedance (the ratio 
of input force to input flow) must remain constant during 
the application of the constriction and during the period 
of the measurement, if a steady input flow is to be achieved.
Electrical impedance plethysmography is subject to the 
above limitations, and in addition has further limitations 
of its own. An inherent difficulty in this method lies in the 
fact that the relationship between change of volume and 
change of electrical impedance obeys no obvious law. Further,
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the form of the relationship will depend on the shape and 
size of the organ, the placing of the electrodes, elastic 
constants of the organ, i.e. the way in which the electrodes 
move as the organ expands, etc. Inadequate knowledge of the 
effects of electrode polarization impedance may also allow 
errors to be introduced.
The measured impedance will also include a contribution 
due to tissue, and the impedance of the tissue may vary in 
an unpredictable manner due to flexing and changes in 
stresses. Finally, the impedance of blood varies with motion, 
and the amplitude of this change depends on a number of factors, 
including erythrocyte concentration. The overall changes 
observed would depend on all these factors, which would be 
accentuated when attempting to record pulsatile flow. In 
addition to these sources of error which may render results 
of doubtful value, the application of a constriction to 
blood outflow may be subject to clinical objection.
The influence of some at least of these factors on 
impedance plethysmography does not appear to have been 
appreciated until recently (SAKURAI et al, 1971)*
Perhaps not surprisingly, plethysmographic methods 
have come under some criticism in recent years. A typical 
controversy may be found in papers by HILL et al (1967),
KINNEN (1969a & b), and HILL and JANSEN (1969). It is 
probably an indication of the difficulties associated with 
blood flow measurement that plethysmographic methods are 
in use at all.
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2.4 Measurement of flow by dilution using impedance 
measurement techniques.
An interesting application of the impedance measurement 
of blood is a modification of the indicator-dilution 
method of blood flow measurement. This method normally 
employs a known quantity of indicator, either a compatible 
dye or sometimes a radio-isotope, which is injected into a 
vessel. The concentration-time curve for the indicator is 
detected and recorded at a suitable distal site. The flow 
rate, often cardiac output, is obtained from:-
I
Flow rate = (y£~
where I is the amount injected, and CT is the 
area under the concentration-time curve.
As an alternative to the injection of dye, a bolus of 
saline solution may be injected. One method of detecting 
the saline concentration at the distal site is to use a 
thermodynamic method, in which the temperature of the bolus 
differs from the blood temperature, and the distal 
concentration measurement is obtained in terms of the 
temperature of the mix, and detected using thermistors. 
Another method of determining the distal concentration is 
to take advantage of the rather large difference in 
conductivity between physiological saline (0.9% w/v) 
and blood, and to measure concentration in terms of 
transarterial impedance.
This latter method has the advantage of very good 
sensitivity, very small catheter (if impedance is to be
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measured from within the vessel) or the possibility of using 
a cuff on the exterior of the vessel, with a pair of pointed 
electrodes. It would also be feasible to use this method 
simultaneously with the thermodynamic method, thus obtaining 
a corroborating reading.
This latter method was used by WHITE (1947) who used 
miniature electrodes mounted in the tip of a hypodermic 
needle. The device worked at a frequency of 70 kHz. A 
complete description of the dilution technique is included 
in the previously mentioned paper by NYBOER (1959)- 
Precautions to ensure adequate mixing are common to all 
indicator-dilution methods.
2.5 The frequency spectrum of blood impedance.
It has already been mentioned, and will be substantiated 
in Chapter 5, that any measure of impedance of biological 
material between a pair of electrodes may be considerably 
affected by polarization impedance at the electrodes, 
particularly at lower frequencies. It is surprising that so 
few workers have appreciated this fact until recently, 
despite the ample documentation of polarization at electrode 
surfaces in other fields. A frequency characteristic gives 
immediate indication of the presence or otherwise of 
electrode polarization effects.
A series of papers by FRICKE (1924, 1925) and FRICKE 
and MORSE (1926) describe what appears to be the first 
attempt to measure the impedance of blood over a spectrum of 
frequencies. A sample of blood was contained in a two- 
electrode conductivity cell maintained at a controlled 
temperature. It was noticed that repeatable results were
obtainable only if the sample was stirred immediately prior 
to the taking of each reading. Results were apparently 
obtained over the range 800 Hz to 4*5 MHz, although the 
lowest frequency for which readings appear in these papers 
is 87 kHz. It was mentioned that frequencies high enough 
to avoid the effects of electrode polarization were used.
This may account for the missing low-frequency results.
A point of interest is the inclusion of several equivalent 
circuit models, representing the electrical behaviour of 
blood, in which each component has its exact physical 
counterpart. Unfortunately, these circuits make no provision 
for electrode polarization impedance, and no attempt is made 
to explain how the various components may he evaluated.
SCHWAN (1963, 1968) has described in detail methods of 
evaluating the polarization impedance, the simplest of which 
is based on obtaining a frequency spectrum of the overall 
impedance between electrodes, and using a logarithmic plot. 
SCHWAN has proposed a simple equivalent circuit for 
biological materials, but does not include provision for 
effects due to particles in suspension, as in blood. Further 
reference to SchwanTs work will be made in Chapter 5, where 
a complete equivalent circuit for blood is developed, with 
full details of a method for evaluating the components.
Recently an increasing interest in the use of small 
electrodes has given impetus to a wider appreciation of the 
problems of electrode polarization impedance in biological 
impedance measurements. (SMITH et al, 1967).
2.6 The effect of motion on the electrical impedance of 
blood.
2.61 Early work (prior to 1945).
The effect of motion on the impedance of blood was first 
noticed by SIGMAN et al (1937). The change in impedance 
resulting from change in motion was investigated in fresh 
bovine blood at room temperature, and at one single low 
frequency (l kHz). A solution to the problem of electrode 
polarization was attempted by the use of a bridge network 
in which a so-called ”blood impedance”, together with a 
variable resistance formed the balancing arms. The ”blood 
impedance” consisted of a pair of copper wires inserted to 
a suitably adjusted depth in a sample of static blood taken 
from the blood under test, and the polarization at the 
surface of the wires balanced the polarization at the 
electrodes of the blood under test. Although ingeneous, this 
device would present an impedance which would be difficult 
to maintain constant owing to sedimentation, temperature 
variations, deterioration, etc., and hence the results 
obtained may be of doubtful validity. Further, the presence 
of this ”blood impedance” in the balancing arm would cause 
the introduction of an unknown impedance in addition to the 
polarization impedance, and hence the possibility of 
considerable error.
A rather odd effect was noticed in some, but not all of 
the samples tested. It was found that the resistance of 
bovine blood increased over the stationary value at ”slow 
flows”, followed by a much greater decrease at faster flows. 
This first increase was not found to be present in 
defibrinated dog blood, and disappeared in bovine blood when 
the electrodes were placed in side arms connected to the flow
- 33 -
tube containing the moving blood, the side arms being filled 
with compatible liquids of various types. The decrease in 
resistance was regarded as the true 11 flow-effect”.
Very variable changes in ’’specific resistance”, as 
motion changed from stationary to moving, were recorded, 
ranging from 1.8% to 7*5%. The significance of erythrocyte 
concentration was investigated, and it was found that at 
maximum concentration, approaching 100%, a change of the 
order of 8% was observed. This seems very modest in the 
light of results obtained in the present work, but it has 
already been mentioned that not too much reliance should be 
placed on figures in this early work. A noteworthy feature 
of SIGMAN’s work is that an increased change was found when 
using electrodes one downstream of the other (longitudinal 
or axial) compared to electrodes facing each other across 
the flow stream (transverse or radial). The difference was 
of the order 3 : 2, which is significant, but not as much as 
that found in the present work. This feature has received 
little attention since, possibly as a result of the findings 
in the next paper to be discussed. It was also found that 
the diameter of the flow tube containing the electrodes 
had little effect on the impedance change. The present work 
completely contradicts this (see Chapters 6 & 7)*
A useful discussion on the mechanism of the impedance- 
flow change was included. The authors attributed the 
change to the presence of erythrocytes but discounted the 
theory that orientation occurs in moving erythrocytes, 
since if this occurred, they would have expected an increase 
in the impedance of flowing blood measured transversly.
(But see VELICK and GORIN, 1940). They supported this view 
by observations of a transient decrease in impedance when 
two electrodes were immersed in a beaker of blood which was 
agitated, and also by observations of turbulence when passing
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a suspension of sawdust in water through the flow tube.1 
This despite the important differences in flow behaviour 
of blood and water. The mechanism of the change in impedance 
was finally attributed to the tendency of erythrocytes to 
agglutinate when stationary, and to form "rouleaux”. This 
was thought to cause an increase in the impedance of blood 
at rest. The time lag in establishing the stationary value 
of impedance after coming to rest was quoted as supporting 
evidence.
The influence of both cell shape and cell orientation 
on the conductivity (,fspecific conductance”) of blood was 
investigated, both theoretically and experimentally, by 
VELICK and GORIN (1940). A mathematical analysis of the 
conductivity of a suspension of cells of various shapes 
(sphere, oblate spheroid, ellipsoid and rod) with random 
orientation and with orientation in two directions, showed 
that an increase in conductivity should result in all cases 
where orientation is assumed, except, rather obviously, in 
the case of the spherical cell.
In the case of the oblate spheroid (disc-shaped) cells, 
it was found, rather surprisingly, that the conductivity 
of a suspension of orientated cells was the same in the 
direction of the major axes as in the direction of the minor 
axes. It would be assumed that in a flowing liquid, the cells 
would orientate themselves to minimise forces acting due to 
varying shear rate, so that the major axes would be in the 
direction of flow. In both cases the conductivity of the 
orientated cell suspension was greater than the non­
orientated cell suspension. However, in the case of 
ellipsoidal cells (elliptical discs) the conductivity 
of the orientated cell suspension was greater in the direction 
of the major axis than that in the other directions. In 
the case of rod-shaped cells, it was found that the 
conductivity of the orientated cell suspension was greater
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than that of the non-orientated suspension in the direction 
of the major axis, but less in a direction at right-angles.
The supporting experimental results were few in number, 
and few details of the methods employed were given. Cells 
of rabbit blood were suspended in isotonic sodium chloride 
solution, when they were assumed disc-shaped. An increase 
in conductivity was found when the suspension was in motion. 
Addition of rose bengal dye was assumed to cause the cells 
to become spherical. No change in conductivity was then 
found when motion changed.
The results taken with a pair of conductivity cells 
in which the electrodes were arranged both along and across 
the line of flow showed little difference, even when using 
cells known to be ellipsoidal in shape. Thus the results 
of SIGMAN et al (1937) were not verified experimentally in 
the work of VELICK and GORIN and subsequently the effects 
of electrode alignment seem to have been ignored.
Nevertheless, this paper can be regarded as evidence in 
favour of the theory of orientation.
2.6.2 The period 1945 - 1965.
The first attempt to relate electrical and haemodynamic 
phenomena was reported by COULTER and PAPPENHEIMER (1949). 
They attempted to obtain an indication of turbulent 
conditions in blood by (a) observations of the pressure-flow 
relationship, and (b) observations of electrical impedance, 
supposing the change in electrical impedance with flow to be 
due to cell orientation. It was expected that the onset of
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turbulence, indicated by a sharp rise in incremental 
hydrodynamic impedance (this being the slope of the pressure- 
flow characteristic at a given flow rate), would be accompanied 
by a reversion of the impedance value to the value as at 
rest.
In fact this did not happen. The authors then suggested 
that this might be explained by a migration theory. In vessels 
of small bore, it was thought that the cells in flowing 
blood tend to accumulate towards the central axis. This 
theory is also used by a number of writers to explain the 
decrease in viscosity with increasing shear rate in blood.
If this migration also occurs in large bore tubes, it was 
proposed that a two-phase system would result, in which 
turbulence could occur in the outer sleeve of relatively 
cell-free plasma, while the inner core would remain a region 
in which the cells remained orientated, thus maintaining 
the reduced value of impedance.
Bovine blood was used, and the readings were obtained 
at temperatures around 30°C, with the exception of some 
curves showing the effect of temperature on pressure-flow 
relationships. Impedance was measured longitudinally, in 
the frequency range 1 - 3  kHz, at which frequencies a large 
electrode polarization impedance might be expected. Little 
information on the electrical circuitry was given. A 
maximum impedance change of about 14% was observed, at a 
haematocrit of 63%, the rather high value of the change 
being due in all probability to the high haematocrit and 
the use of longitudinal electrodes.
Studies in Leningrad (MOSKALENKO and NAUMENKO 1959) 
showed that cell size has an influence on the impedance- 
flow change. Human, dog and cat blood was used, so that
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blood with cells of different sizes could be investigated. 
Correlation between cell size and magnitude of the impedance- 
flow change was claimed. On suspending the cells in 
isotonic sodium chloride solution, the effect was much reduced 
and the authors claimed this was due to the red blood cells 
becoming spherical. This contrasts with the paper by VELICK 
and GORIN (1940). Most of the work was carried out using a 
frequency of 300 kHz, although the effect of frequency 
variation on the impedance of moving blood was obtained 
over the range 20 Hz to 500 kHz. It was not made clear how 
measurements were obtained at frequencies as low as 20 Hz 
in the unavoidable presence of very high values of 
polarization impedance. Impedance changes of the order 
2 - 5% were obtained.
Other results included the effect of erythrocyte 
concentration on the impedance-flow change, and impedance- 
flow characteristics. Although electrodes with the lines 
joining their centres at various angles to the line of 
flow were used, no mention of any differences in the results 
due to these various angles was made. The temperature at 
which the tests were carried out was not mentioned. In fact, 
lack of detail detracts considerably from what could otherwise 
have been an important paper.
The change in impedance in flowing blood was explained
on the assumption that the red blood cells carry a positive
charge on the outer surface, which is proportional to the
surface area. Motion of these cells was purported to
produce a current (given by I = nqva, where n = number 
2
of cells per m , q = charge per cell, v = average velocity 
of all cells, a = cross-sectional area of flow tube), and 
this current has the effect of reducing the apparent 
impedance.
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Such a mechanism may well be possible for a d.c. 
resistance, assuming longitudinally disposed electrodes, 
and that the charge motion and superimposed current flow 
are additive. However, it is difficult to see how such a 
surface charge could have any bearing on changes of impedance 
with flow in the case of alternating currents of high 
frequencies, or in the case of measurements with transverse 
electrodes.
Arising from a study of blood flow in the pulp of dogsf 
and cats’ teeth, LIEBMAN et al (1962) produced a paper in 
which the theory of axial accumulation of cells in flowing 
blood was studied both mathematically and with supporting 
experimental work. This paper thus attempted to parallel 
the work of VELICK and GORIN (1940) on the cell orientation 
theory.
The theoretical work in this paper was based on the 
premise that the forces tending to move cells towards the 
centre of the flow vessel when blood is in motion are 
sufficient to cause the haematocrit profile to parallel the 
velocity profile, which was assumed parabolic. It was 
acknowledged that the latter condition is not fulfilled in 
practice, due to the variation of viscosity with shear rate 
in blood. Since shear rate decreases towards the centre-line 
of the flow tube in non-turbulent flow, then viscosity in 
blood tends to be a maximum at the central axis. Thus the 
velocity profile is not parabolic, and does not approach 
this shape. Nevertheless a parabolic velocity profile was 
assumed to be a close approximation to the true profile in 
this paper. Acceptance of this approximation is rather 
surprising, since at another point in the paper it is suggested 
that the variation in viscosity with shear rate is also due 
to axial accumulation. Since a parabolic haematocrit profile 
is also assumed, this implies a major redistribution of 
erythrocytes, and hence a large variation in viscosity over 
the flow cross-section.
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An inherent difficulty associated with the theory of 
axial accumulation is recognised by the authors. This 
concerns the result of assuming cells to be concentrated 
at or near the central axis in flowing blood, which is also 
the region of maximum velocity. This implies that the 
haematocrit value for the output from the flow tube under 
consideration is greater than the mean value for blood 
contained within the tube. In acknowledging this problem, 
the authors simply stated that by some mechanism, the 
average haematocrit in the flow tube is lowered. How this 
can happen in pulsatile flow is not explained. However, 
this aspect is not even mentioned by the majority of 
advocates of this theory. The mathematical development in 
this paper finally resulted in a prediction of about 20% 
for the maximum change in conductance in flowing blood.
A model was constructed to assess the effects of cell 
orientation, and a predicted value of 5*5% was obtained 
for any contribution due to this effect. However, the 
dimensions of the model appear to have been entirely 
arbitrary.
The experimental work added little to the paper. Results 
were obtained under pulsatile and steady flow conditions. 
Small quantities of blood were used (,fat least 5 cc”) and 
temperatures were maintained near normal by using a water 
bath at 38°C in which the blood reservoir was placed.
However, the temperature of the blood at the point of 
measurement appears to have been unmonitored.
The measurements were taken at a single frequency,
50 kHz, and for the first time in blood impedance studies 
a four-electrode system was used. The reason given for 
this was to avoid resistance changes due to a so-called
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”wiping-away effect” of the red blood cells from the 
electrodes. The electrodes were longitudinally arranged, 
as is to be expected in a four-electrode system.
The change of impedance with steady flow rate was 
recorded for flow tubes of various diameters. The shapes of 
these curves for individual tubes were similar to those 
found by other workers, but it was also claimed that the 
change of impedance varied with tube diameter, being greatest, 
of the order of 8%, in the tube of largest diameter (3*5 mm). 
The present work completely reverses these findings. In 
the case of pulsatile flow, a maximum change of the order 
of 2% was obtained. However, this must depend very much 
on the pulse waveform. Again, the changes were considerably 
less in small bore tubes. The pulsatile impedance changes 
were compared with simultaneous velocity changes and also 
changes in light transmission. It was found that a considerable 
degree of correlation existed.
This paper consisted basically of an argument in support 
of the axial accumulation theory. It was shown that axial 
accumulation has a considerable effect on longitudinally 
measured conductance, but the movement of cells towards 
the flow axis would need to be on a very large scale. The 
decrease in average haematocrit required in the flow tube 
seems a serious objection to the theory, in view of the 
large changes in haematocrit distribution required.
2.6.3 Recent work (after 1965).
A group of papers mainly from Vienna included a 
contribution by RODLER (I969) in which a novel theory 
explaining conductance changes with flow rate appeared.
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It was suggested that red blood cells arrange themselves 
into a ’’quasi-crystalline” formation when at rest, due to 
the interaction of forces produced by positive charges on 
the cell surfaces and negatively charged ions in the plasma. 
Motion of the blood interferes with this arrangement and 
allows greater ion mobility, thus increasing flow of current 
and increasing the conductance. The term ”rheo-conductance" 
was proposed for this effect. Further discussion of this 
theory occurred in another paper in this group, by MAYR (1969) 
but this theory does not appear to be able to account for 
the appearance of this effect when using high frequency 
currents.
Y
However, another paper , again in this group, (GUTMAN 
et al, 1969) in contrast to the previously mentioned papers, 
proposed a theory of ’’ordered” distribution during flow.
It was shown that an orderly arrangement of particles in 
suspension would cause a small increase in conductivity, 
compared to an entirely random distribution. The suggestion 
that surface charges on erythrocytes would have any effect was 
discounted, so also was any effect depending on erythrocyte 
shape, and therefore, by inference, orientation. The paper 
was remarkable for its unique claim to have observed an 
impedance-flow variation in suspensions of cellulose and 
aluminium silicate. Resulting from work done in Connection 
with the present investigation, it is thought that these 
observations probably resulted from either temperature *** 
variations at the electrodes, or sedimentation, or both.
Results presented were meagre, consisting of one 
characteristic showing a reduction of impedance with 
flow rate of the order of 10%, in a flow tube of 
unspecified diameter, using a four-electrode technique, 
(electrodes longitudinally spaced) and at an unspecified 
high frequency. Changes were recorded in terms of the
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voltage variation across the inner pair of electrodes, and 
calibration was carried out using a calibrated variable 
resistor.
Similar equipment was used by GEYER (1969), who 
obtained traces showing impedance changes during pulsatile 
flow. A frequency of 10 kHz was used. This paper adds little 
to existing knowledge of the topic.
Changes in impedance of blood resulting from pulsatile
flow were investigated by GOLLAN and NAMON (1970), who
performed tests again at a single frequency, in this case
2
29.5 kHz, using a pair of rather large electrodes, 1 cm in 
area, of 95% lead - 5% silver, mounted in a 1.2 cm diameter 
tube transversly to the flow axis. It is considered that 
electrodes of this size, working at this frequency, would 
give little or no error due to electrode polarization (see 
Chapter 5)* The results were obtained in the form of 
recorder tracings and no evaluation of the % change in 
impedance with flow was made. The effect of haematocrit 
variation, temperature variation and variation of cell size 
were investigated. This latter was done by alteration of 
the osmotic pressure, by variation of glucose content in a 
0.45% saline solution containing red blood cells. It was 
stated that an increase in cell size caused an increase in 
the electrical impedance amplitude. This was rather 
surprising, since an increase in size caused in this way 
would result in the cells tending to become spherical.
This anomaly appears to have arisen since the curve presented 
in the paper appears to relate to blood impedance at a 
constant flow rate, in which case the increase in cell size 
would have caused an increase in impedance, but not an 
increase in the impedance-flow change, a very different 
state of affairs.
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An attempt was also made to investigate the effect of 
’’reversible agglutination”. The addition of hexadimethrine 
bromide, an agglutinizing agent, was found to vary the shape 
of the pulse tracings without affecting the pulse amplitude 
to any extent. The addition of heparin to neutralize the 
hexadimethrine bromide restored the pulse shape to 
approximately the original form. A useful result reported 
in this paper was that changes in pH, pC^ and pCO^ within 
the physiological range produced no effect. This is 
important, since these are the major naturally occurring 
changes in blood.
A considerable proportion of the paper was concerned 
with experiments in vivo, and no attempt was made to add to 
the number of explanations purporting to account for the 
impedance-flow effect.
A mathematical treatment of the mechanism of the 
impedance-flow effect was produced by LIEBMAN (1970) 
following the earlier paper by LIEBMAN and co-workers (1962) 
already discussed here. The later paper made no mention 
of the axial accumulation theory, favoured in the earlier 
paper, but developed a new theory which could be considered 
as an extension of the orientation theory. The basic idea 
of orientation of cells in flowing blood was mentioned in 
the earlier paper, but was then regarded as being of 
secondary importance, if indeed it occurs at all.
The theory in this later paper, which appears not to 
have previously been analysed, involves consideration of 
distortion of cells in flowing blood under conditions of 
shear. It is assumed that each red cell consists of a 
liquid-filled membrane, the shape of which is assumed to be 
an oblate (flattened at the poles) spheroid. In fact,
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photo-micrographs show the true shape to be a biconcave 
discoid. During motion, when shearing conditions exist, the 
cells are assumed to become distorted in the direction of 
motion, becoming prolate ellipsoids. It is also assumed 
that the membranes of the cells undergo a spinning motion 
set up by the shearing action of the flowing blood. In this 
way the cells act as gyrostats, and it was shown in the 
paper that under these conditions steady motion is possible.
It has been shown, in a series of photo-micrographs 
obtained by SCHMID-SCHtiNBEIN and WELLS (1969b), that the 
cells do, in fact become elongated during motion, the 
degree of elongation or distortion depending on the shear 
rate. While the spinning motion has no bearing on impedance 
changes in flowing blood, elongation of cells in the 
direction of motion will have a marked effect on these changes. 
The effect of distortion on impedance will be discussed 
in Chapter 9, where it will be shown that a decrease in 
impedance may occur both longitudinally and transversly 
as a result of this mechanism. An interesting suggestion 
was made in LIEBMAN*s paper, that it would be reasonable 
to regard the impedance change as being a function of 
blood displacement rather than velocity. This implies that 
the impedance change can be considered as an integral 
function of velocity in pulsatile blood flow, and if true 
would lead to a simple method of obtaining pulse tracings 
in vivo using a differentiating network.
Unfortunately the author was preoccupied with the 
plethysmographic implications of impedance changes, and 
experimental tracings presented in this paper have little 
bearing on the impedance - flow effect.
A paper by TANAKA et al (1970) discussed once again 
the cell orientation theory. Theoretical and experimental
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results were compared, and close agreement was claimed.
There were two unusual features in this paper. Firstly, it 
was stated that orientation can be caused both by motion 
(i.e. under conditions of shear) and also by application of 
an electric field.This latter is not relevant to normal 
clinical practice. Both methods appear to have been 
investigated at various stages of this investigation. 
Secondly, it was shown analytically, assuming a ’’rotational 
ellipsoid” for the shape of blood cells, that the ’’resistance 
ratio”, i.e. the ratio of resistance when cells are 
randomly orientated to that when orientated, is less than 
unity in the direction of orientation, but greater than unity 
in a direction at right-angles. These two directions 
correspond to measurements in the direction of flow and 
transverse to the direction of flow respectively. These 
findings were apparently verified experimentally. However, 
results obtained with an applied electric field are of 
little interest, and other results were apparently obtained 
using frequencies in excess of 1 MHz. Now it has been found 
in the present investigation that the measured resistance, 
both in the direction of flow and at right-angles, was 
always less under conditions of shear than when stationary, 
except for an anomalous increase tranversly at high 
frequencies. It appears that this anomalous condition was 
obtained by Tanaka et al in this paper. Although not the 
intention of the authors, this paper can be taken as 
providing evidence disproving the theory of orientation of 
blood cells under normal flow conditions, i.e. in the 
absence of an applied electric field, since no increase in 
resistance in flowing blood is found at lower frequencies 
when measured transversly. The paper also included results 
showing the effect of haematocrit variation and of cell 
shape.
Recently SAKURAI et al (1971) described experiments 
in vitro and in vivo on blood flowing under pulsatile 
conditions. Their equipment included adequate means for
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maintaining a uniform known temperature. A two-electrode 
system was used, the electrodes being of platinum and close­
spaced, 2 - 4  mm apart. The in vitro results included the 
effects of frequency variation on the impedance of moving 
blood over the range 100 Hz to 100 kHz at a haematocrit of 
43%, and also impedance change as a function of haematocrit. 
The in vivo measurements were concerned with plethysmographic 
effects (i.e. included volume effects).
The recording equipment included a bridge detector, 
but this was used merely to convert impedance changes to 
voltage changes, with the standing voltage cancelled out.
The bridge output was fed to a recorder. The results were 
thus to a large extent qualitative only. No. record of the 
impedance - flow change as a function of frequency was 
included in the paper, and although various electrode 
configurations were used, no difference in the magnitude 
of the impedance change from configuration to configuration 
appears to have been noticed.
No new theory was introduced to account for the 
impedance - flow effect. The authors accepted the findings 
of LIEBMAN*s earlier paper (1962), favouring the ”cell- 
migration” or ’’axial accumulation” theory.
2.7 The application of the impedance - flow effect to 
clinical monitoring.
A rather strange paper by TOPAZ (1964) discussed an 
effect in which three electrodes were used in a flow 
measuring system. The segments of flowing liquid between 
electrodes 1 and 2 and between electrodes 2 and 3 were used 
in adjacent arms of a four-arm bridge. When rather large 
voltages were applied, a differential resistance effect was
- 47 -
obtained, proportional to flow rate. The effect was 
apparently found in mercury, saline and in animals in vivo.
It would appear to be a strong probability that the effect 
described could have been caused by heating, in view of the 
large voltages employed. It would obviously be too dangerous 
for clinical use.
A novel approach to the problem of applying the 
impedance - flow effect to the clinical measurement of blood 
flow was proposed by DAVIS (1969)* A two-electrode 
system was used, in which one electrode only ( the ’’active” 
electrode) was situated in the blood stream, the other being 
situated at some remote location where motion of blood had 
little effect. For in vivo measurements, the second electrode 
was attached externally to the skin. It was claimed that 
such a system, termed a ”high-impedance” arrangement, gives 
a simple relationship between impedance change and velocity, 
in which the output signal, derived from the impedance change 
and presumably directly proportional to it, was stated to be 
a cube root function of the velocity. A low frequency,
2.4 kHz, was used, with a relatively high voltage, 0.34V, 
applied to the electrodes.
The paper also reviewed the various explanations given 
by various workers to account for the impedance - flow 
effect. These were all in turn rejected, and the author 
proposed a new theory based on a variation of the ’’charged 
red cell” theory. The red cell membranes were assumed to be 
permeable to ions each carrying a charge, which enter and 
leave the the cells according to variations in the velocity 
pressure head. It was suggested that an increase in the 
velocity pressure head causes the cells to contract, 
’’squeezing out” the ions. This in turn causes the impedance 
of the blood to vary. No attempt was made to explain the 
lack of response to static pressure head, or to explain the 
difference in response of this system (if any) compared to 
a two-electrode system.
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2. 8 Summary of propositions offered to explain the 
mechanism of the impedance - flow effect.
The rate of growth of explanations of the impedance - 
flow effect has outpaced the growth of experimental evidence. 
In fact, some papers have appeared in which no experimental 
work at all is presented. The various hypotheses may be 
arranged into two groups, the first comprising those which 
have gained some measure of support, and the second 
comprising those which have appeared in the papers of one 
worker only, without any interest being shown by later 
investigators.
The first group comprises the following three 
possibilities:-
(i) Cell orientation. Each cell is regarded as being disc­
shaped, and orientation of these discs is random in 
blood at rest. When blood is flowing, the cells take up
an orientation such that the plane in which each disc lies 
is subject to minimum turning force. Since the conductivity 
of plasma is much greater than that of the cells, orientation 
of cells would have a marked effect on overall conductivity. 
(The nVenetian-blind,f effect).
(ii) Axial accumulation of erythrocytes. The forces acting 
on each cell in flowing blood have a radial component 
directed towards the centre-line of the flow vessel,
causing a central accumulation of cells. As in the cell 
orientation theory, this would have an effect on overall 
conductivity. It has been suggested that variation of 
haematocrit over the flow cross-section is, in addition, 
responsible for the variation of viscosity with shear rate.
(iii) Distortion of erythrocytes. Evidence has been produced 
showing that cells in flowing blood become elongated 
in the direction of flow, the degree of elongation
being a function of shear rate. Again, a ’’Venetian-blind” 
effect would cause a change in overall conductivity.
Other hypotheses which have been proposed at various 
times include the following:-
(iv) Agglutination and clumping of cells, formation of 
“rouleaux" (stacks of cells) in stationary blood.
(v) A more regular distribution of cells in flowing blood, 
and contrariwise,
(vi) A more regular (’’quasi-crystalline”) distribution of 
cells in stationary blood.
(vii) Effects due to surface charge on cells, including 
variation of the charge with velocity head pressure.
(viii)Variation of electrode polarization due to a ’’wiping” 
action of cells - this despite the absence of any 
impedance - flow effect in suspensions other than
blood.
The theories listed in the first group, which can be 
assumed to be more probable than those in the second group, 
depend on the properties exhibited by flowing blood. Hence 
it is apparent that some evidence may be gleaned from work 
which has been done on the dynamics of flowing blood, not 
necessarily concerned with its electrical properties. Some 
papers on the haemodynamic problem will be studied in the 
next chapter. In Chapter 9 it will be shown that a secondary 
cause of the impedance - flow change is likely. This may well 
include effects listed under (iv) above.
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Chapter 3.
Aspects of haemorheology pertaining to electrical impedance 
changes. Some leading papers.
Summary
Certain aspects of the dynamics of flowing blood, or 
haemorheology, have a relevence to impedance changes in 
flowing blood, and the reasons behind this link provide the 
introduction to this chapter. There follows a review of 
some of the more significant papers, including those dealing 
with the variation of viscosity of flowing blood with shear 
rate and the use of Casson’s equation to describe this 
variation. The dependence of viscosity on haematocrit and 
temperature is discussed, the haematocrit dependence 
leading to the consideration of the theory of axial 
accumulation and the Vand wall effect. A section on the 
nature of turbulence in flowing blood is included, and the 
chapter ends with observations on these papers in the 
concluding comments.
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3•1 Introduction.
The mechanism by which the impedance of blood, as 
measured between a pair of electrodes, varies with rate of 
flow in a cylindrical vessel, has been seen to be still a 
matter of controversy. It is evident that this change depends 
in some way on the presence of erythrocytes, and the 
hypotheses previous3_y listed (Section 2.8) indicate that, 
whatever the mechanism, the dynamic behaviour of erythrocytes 
is involved. It is generally accepted that the behaviour 
of the erythrocytes at any point in flowing blood depends 
on the shear rate at that point. Viscosity in blood (but 
not in plasma) is a function of shear rate, and hence it 
may be implied that viscosity also depends on erythrocyte 
behaviour. It follows that the overall impedance, viscosity 
profile and hence velocity profile all share a common link 
in their dependence on erythrocyte behaviour.
In addition to these general haemodynamic links, the 
hypothesis of axial accumulation is of interest in 
haemorheology (the dynamics of flowing blood) as well as 
being a possible source of the impedance variation. It has 
been shown (LIEBMAN et al, 1962) that if axial accumulation 
of erythrocytes occurs on a large scale, then it would have 
a significant effect on electrical impedance. On the other 
hand, if axial accumulation occurs to a slight extent only, 
it follows that its direct effect on impedance is negligible.
However, even if the direct effect of axial accumulation 
on impedance is negligible, it may yet have an indirect 
effect on this impedance. It is well established that 
viscosity of blood is a function of haematocrit. It has 
been suggested that the variation of viscosity with shear 
rate in flowing blood is a result of the change in
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haematocrit over the flow cross-section due to axial 
accumulation. This effect would decrease haematocrit where 
shear rate is greatest, i.e. close to the flow tube wall.
It is feasible that if axial accumulation occurs, even to 
a small extent, at least it would enhance the decrease in 
viscosity with shear rate and thus directly influence the 
velocity profile, tending to make the greatest rate of 
change of velocity occur within this region of erythrocyte 
depletion. In consequence, there would be an indirect influence 
on the impedance variation in flowing blood, even if this 
variation was due to some other mechanism, since this other 
mechanism itself would be a function of velocity profile.
The problem of turbulence in flowing blood, still the 
subject of some controversy, is also relevant to the question 
of impedance variation. It has already been pointed out 
that the apparent onset of turbulence, as indicated by an 
increase in the slope of the pressure - flow characteristic, 
is not accompanied by a corresponding reversion of the 
impedance to its stationary value, as would occur if turb­
ulence caused interference in orientation, elongation in 
the flow direction, or axial accumulation of erythrocytes 
(COULTER and PAPPENHEIMER, 1949).
It is apparent that these considerations merit a closer 
study of some of the recent publications concerned with the 
dynamics of flowing blood.
The meaning of viscosity in non-Newtonian flow.
If we consider a pair of parallel solid plane surfaces 
moving relative to one another, the space between them 
being filled with liquid, then the liquid will be in a state
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of shear. If the relative velocity of the surfaces is given 
by v, and if the separation between the surfaces is s, then 
the shear rate g is defined as the ratio v/s for a Newtonian 
liquid. This assumes shear rate to be a constant. If the 
shear rate is not a constant between the surfaces, then the 
shear rate at any point is given by
(units - sec *)
Note, however, that in this situation shear stress is 
a constant and hence shear rate would always be a constant 
unless inhomogenaity is present, due, for example, to axial 
accumulation.
If the force required to maintain relative velocity v 
is F, then the force per unit area at any surface parallel 
to the solid surfaces and within the liquid is termed the 
shear stress '"fT and is a constant at all points within the 
liquid undergoing shear, whether or not the shear rate is 
constant.
The ratio shear stress/shear rate is termed the viscosity 
yV . If viscosity is a constant for all values of shear rate, 
then the liquid is termed nNewtonianu, and the shear rate 
between parallel plates may be assumed always constant. If 
viscosity varies with shear rate, the liquid is non- 
Newtonian, and shear rate is not necessarily constant between 
parallel plates.
—  2If the shear stress is measured in dyne cm , (or 
gm cm~* sec"*) then the unit of viscosity is the poise 
(after Poiseuille). The centipoise is normally used in 
practice. There is (at present) no S*I, unit for viscosity, 
such a unit would be equal to 10 poise.
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If a finite shear stress has to be applied before flow 
occurs, then the liquid is termed a ’’Bingham body”. The 
value of stress at which flow is just about to commence is 
termed the ’’yield stress”.
3.3 Viscometry and flowing blood.
A number of workers have, at various times, produced 
papers describing the characteristics of blood viscosity. 
Their results were, in every case, obtained with viscometers, 
sometimes modified, based on conventional forms. These 
have all been subject to severe disadvantages due to the 
non-Newtonian behaviour of blood, and the large variation in 
viscosity experienced at low shear rates. The dependence 
of viscosity on shear rate makes it desirable that viscosity 
should be measured at a single point, at a known rate of 
shear. Such a measurement is hardly a practical proposition, 
and various compromises have been employed.
Early work was concentrated on the use of capillary-type 
viscometers, using the Hagen-Poisseuille relationship,
of radius R, length & , and pressure difference A P. This 
expression was obtained under the assumption of Newtonian 
flow, and is thus fundamentally inapplicable to blood flow. 
Not surprisingly, very variable results were obtained, it 
being found that viscosity appeared to depend on diameter 
of flow tube and pressure gradient in addition to the 
expected parameters. However, the method was justified on 
the grounds that it corresponded most closely to the 
conditions met in vivo, and was therefore of maximum interest 
clinically.
Volume flow Q T f R4 A P for flow in a tube
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Later attempts to rectify the variability of results 
obtained with capillary tubes led to the use of cylindrical 
viscometers of various types. The essential feature of these 
types is that the liquid under test is contained in the space 
between a pair of coaxial cylinders. Usually one cylinder 
is rotated, while the torque produced on the other by viscous 
drag is measured by some convenient means. This type of 
measurement comes closest to a measurement based on the 
definition of viscosity:-
It is assumed, in the case of blood, that a condition 
of constant shear rate exists, since stress is uniform 
across the sample. However, this is only true if the liquid 
is everywhere homogenous, a condition difficult to maintain 
in blood. If at any point in a cross-section the yield 
stress has not been exceeded, shear rate here will be zero.
If, at other points in the same cross-section, the yield 
stress has just been exceeded, the shear rate at these points 
would be increased due to the zero shear rate where yield 
stress has not been exceeded. The increased shear rate would 
give rise to a decrease in viscosity, thus tending to enhance 
this process. It therefore appears desirable to make the 
separation s as small as possible, with the added advantage 
that end effects would also be reduced, diminishing the need 
for guard rings. However, the boundaries also produce a 
disturbance due to their effect on cell distribution. Obviously 
no cells can occupy a position athwart the boundary, as would 
be required by a uniform cell distribution. This results 
in a depleted layer at the boundary wall, and is known as 
the ,TVand wall effect”. Although the thickness of the region 
affected is no more than a few microns, the viscosity in 
this region is very much reduced, and could cause large errors 
at low shear rates.
(termed Couette flow).
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A further difficulty lies in the controlled variable 
being shear rate, and not shear stress. This makes it very 
difficult to take measurements around the yield point. This 
problem may be solved by the use of a concentric cylinder 
viscometer in which shear stress is made the controlled 
variable (DAVIS et al 1968). However, this form of viscometer 
has not yet been used for blood determinations.
The !Tcone-and“platen viscometer has also been used. In 
this form of device the liquid under test is contained 
between a revolving wide-angled cone and a flat plate. The 
method is based on the ratio of velocity at any point to 
radius of rotation at that point being equal to a constant, 
and the ratio of separation to radius at that point is also 
a constant. Hence at all points, the ratio of velocity to 
separation is a constant, and thus, for a Newtonian liquid, 
shear rate is a constant. Again, the problems of non-uniformity 
in blood make for results of dubious validity. The attraction 
of this device is that very small samples are sufficient.
The ultrasonic viscometer is a more recent development.
It consists of a reed vibrating at a high frequency, and the 
damping effect when the reed is immersed in a Newtonian 
liquid is a function of viscosity. Although it has been used 
for blood determinations, the lack of any means of even 
approximating to shear rate renders its use rather 
meaningless in haemorheology.
3.4 Viscosity as a function of shear rate.
The history of the measurement of viscosity of blood 
goes back to the origins of the investigation of flow in 
tubes and cylindrical vessels. The earliest reports of
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the famous French physician, J.L.M* Poisseuille, after whom 
the unit of viscosity is named, were concerned with flow of 
blood in small vessels, although his later work, on which 
his well-known law is founded, was based on results from 
flowing water. Subsequent workers investigating blood failed 
to appreciate its non-Newtonian behaviour, and not 
surprisingly some verj^  varied figures for blood viscosity, 
as an assumed constant, were produced.
Xn 1906, DENNING and WATSON produced a comprehensive 
paper based on experiments with horse blood. The dependency 
of blood viscosity on a wide range of factors was described, 
and one of the factors included was the bore of the 
capillary viscometer (a modified form of the Ostwald 
viscometer, in which the capillary has a U shape). It was 
found that the viscosity appeared to increase with decreasing 
diameter. It was also found that in capillary tubes of 0.3 mm 
diameter or less the pressure-flow relationship was not linear, 
but indicated a decrease in viscosity at higher flow rates, 
particularly at high haematocrits. This was not found to 
occur in plasma.
Little further work was done in this direction until 
1931, when FAHRAEUS and LINDQVIST published results which 
directly conflicted with some of those of DENNING and WATSON 
(1906), in that it was now established that apparent viscosity 
decreases in capillaries of decreasing diameter. The 
viscometer used contained horizontal, slowly rotating 
capillary tubes, in which the ratio of length to diameter 
was kept constant.
The first attempt to study viscosity as a function 
of shear rate was made implicitly by BRUNDAGE (1934/5)? 
who used a co-axial cylinder viscometer with torsion head.
The cylinders were of bakelite with 1mm clearance. Both
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blood and plasma were tested, and it was found that, while 
the viscosity of plasma was independent of the speed of 
rotation of the outer cylinder, the apparent viscosity of 
blood decreased with increasing speed of rotation. The 
rotational speed was not converted to shear rate.
The rotational speeds in BRUNDAGEfS results were later 
converted to shear rates by WELLS and MERRILL (1961a), who 
realised the importance of the shear rate in blood viscosity 
determinations. Using a cone-and-plate viscometer, the change 
in viscosity with shear rate was shown to be greater than 
that derived from the readings of BRUNDAGE under similar 
conditions, The effect was shown to be most pronounced at 
high values of haematocrit. An interesting feature of this 
paper is that the effect was also found to a certain extent 
in fresh plasma. It was stated in the paper that a cone-and- 
plate viscometer can !!obtain unequivocal and absolute values 
for shear” .T
A later paper by WELLS et al (1962) presented results 
obtained from the same viscometer as mentioned in the earlier 
(1961a) paper and also from a concentric cylinder type 
viscometer, although it is not made clear in the paper which 
results were obtained from which viscometer. An important 
finding was that a variation in viscosity with shear rate 
occurs when red blood cells are suspended in saline. An 
interesting statement made here has some relevence to impedance 
changes as well as viscosity changes - ”Normal blood does 
not demonstrate any red cell aggregation, cluster formation 
or Rouleaux phenomenon”.
Other workers have produced roughly similar viscosity/ 
shear-rate characteristics. A number of these were treated 
statistically by WHITMORE (1967)? who produced a mean 
characteristic with 95% probability limits. This is
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reproduced in Fig 3*1? and at a cursory glance the limits 
of probability appear close to the mean. However, by taking 
vertical ordinates at low rates of shear, i.e. where large 
variations in shear rate occur, and consequently large 
errors occur in all available viscometers, it becomes 
apparent that the range between limits is, in fact, very 
large. This implies a large variation between results from 
different workers in this region, and a large degree of 
uncertainty. It will be apparent that this region of the 
characteristic is very important, both from the point of view 
of flow patterns and also physiologically.
Over the last decade an equation proposed by CASSON 
(1957) has become more widely known, and most recent work 
concerned with the relationship between blood viscosity 
and shear rate has investigated the possibility of 
applying this equation to the problem of blood flow, and 
this will be discussed in the next section.
Casson^ equation.
An equation was proposed by CASSON (1957) on theoretical 
grounds with experimental backing to express the relationship 
between shear stress and shear rate in lithographic pigment- 
oil suspensions. It was assumed that the suspension 
“flocculated” into rod-like forms of definite cohesive 
strength, and these rods, of high length-to-radius ratio, 
were subject to disruptive forces when undergoing shear. The 
equation has been applied to blood flow on a purely 
empirical basis, and characteristics obtained for blood 
conforming to Cassonfs equation cannot be taken as evidence 
for any aggregation phenomenon in blood. In any case, as will 
be seen later, the correlation between blood characteristics 
and Cassonfs equation is not more than moderate.
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The equation takes the form:-
JL 1
F2 = k + k1D 2 .........  (3.1)
O JL
Where kQ and kj are constants (Casson gives 
expressions for these constants in his paper) and F and D 
are shear stress and shear rate respectively (CassonTs 
symbols).
This equation is more usually put in the form:- 
^  i l i JL
X 2 = a2 g 2 + b 2 ........  (3.2)
i
Dividing by ^ 2 and squaring gives
ft = (ai + b*/%h2   (3.3)
At high shear rates this gives a constant viscosity equal 
to the constant a and corresponds to Newtonian flow. The 
viscosity increases with decreasing shear rate and at 
very low shear rates tends to
= b/y .....  (3-4)
The shear stress at zero shear rate is given by the 
constant b. This is the shear stress at which flow just 
commences, i.e. the yield stress, and expresses the fact 
that blood is a ,!Bingham bodyM and is deformable although 
no flow takes place. The equation only holds for positive 
values of ^ and hence there is a discontinuity at J  = 0.
The validity of CassonTs equation may easily be tested 
JL 1
by plotting^2 as a function of Jf2 (the Casson plot).
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The range over which Casson’s equation is valid is seen 
immediately by the extent of linearity in the plot.
Newtonian flow is shown by a linear plot passing through 
the origin, and non-Newtonian flow obeying Casson’s 
equation by a straight line having a positive value of 2
at zero shear rate.
MERRILL et al (1963) recognised the difficulty created 
by wall effects (the Vand wall effect) and attempted to 
overcome it by designing a viscometer based on the rotating 
cylinder principle in which the active surfaces were serrated 
and a guard ring device was included. This latter was to 
avoid film effects on the blood surface which would otherwise 
cause errors. The gap between the cylinders was 1465 
(minimum). Casson plots were produced for whole blood and 
for blood with various constituents ’’subtracted”. At 25°C, 
whole blood gave a straight line characteristic at high 
shear rates, but some curvature was shown at low shear rates,
with a yield stress, at 0.040 dyne/cm^ (0.0040 N/m^), 
somewhat lower than would have been obtained with an 
extrapolated linear plot. Red cells suspended in serum 
gave a similar characteristic but with a much lower yield 
stress, and red cells in Ringer’s solution showed no yield 
stress. Plasma, serum and Ringer’s solution without red 
cells exhibited characteristics approximating to Newtonian.
At 37°C the characteristic for blood became far more linear 
(although not completely so) with a value for yield stress
o  <y
of about 0.03 dyne/cm (0.003 N/m ). The authors claimed 
that blood at body temperature appears to be fairly well 
represented by Casson’s equation. An interesting feature 
of this paper was the very low shear rates at which the 
measurements were able to be taken.
A paper from the same group of workers (COKELET et al,
1963)described experiments using the same viscometer as in
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the previously described experiments, but with a recorder 
fitted. This enabled a plot of torque (proportional to 
shear stress) against time to be obtained. It was found that, 
at the commencement of rotation, at shear rates in excess of 
1 sec~*, the torque rapidly increased to a steady value. At 
very low shear rates, however, less than 1 sec the torque 
increased to a maximum and then decreased to a steady value 
of just over half the maximum. Using peak values of torque, 
a Casson plot for low shear rates was obtained which was more 
linear than that obtained using steady values. Unfortunately 
the paper makes no mention of the temperature at which these 
results were obtained, but a comparison with results in the 
previous paper indicates 25°C as being the probable temper­
ature. The dependence of the constants in Cassonfs equation 
with haematocrit was found to follow the form predicted by 
Casson.
A logarithmic plot of shear stress as a function of 
shear rate was used by BUGLIARELLO and HAYDEN (1963)5 
instead of the Casson plot. The readings were obtained using 
a concentric cylinder viscometer, and straight line 
characteristics were plotted for a variety of haematocrits, 
at temperatures of 20°C, 30°C and 40°C (why not 37°C?), 
and shear rates varying from 12.8 to about 150 sec * It 
was suggested that the readings obeyed a law given by
^  = K $ n ........  (3-5)
Results were obtained with viscometer gaps of 1240, 508 and 
2 5 4 > and it was stated that no significant differences 
were found. These results were used to obtain flow profiles 
in capillaries, with which this paper was most concerned.
The value of the constant fn f in Equation 3«5 was found to 
be a function of haematocrit.
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High shear rates (0 - 100,000 sec"**) were used in 
investigations by CHARM and KURLAND (1965), who used both 
cone-and-plate and concentric cylinder viscometers.
Although they produced no plots in the paper, they claimed 
to have obtained good straight-line characteristics at 37°C 
using a Casson plot. The Casson constants from these chara­
cteristics were given, and it was seen that the yield stress 
constant (b)^varied considerably from sample to sample, but 
the slope (a2) was fairly consistent. It would be useful to 
know if any appreciable haemolysis occurred a t the high shear 
rates used in this investigation.
CassonTs equation was used by OKA (1965) in a 
theoretical derivation of a velocity profile equation.
It was shown that a considerable deviation from PoisseuilleTs 
law can occur in blood.No velocity profile plots were 
produced, however.
BUGLIARELLO et al (1965) produced further results 
using similar methods to those of the 1963 paper of 
Bugliarello and Hayden. The main difference in technique, 
the investigation of flow in vertical rather than horizontal 
capillaries, is of no concern at this stage. The range of 
shear rate appears to have been extended upwards to 335 sec * 
Very good straight lines were obtained, but this time for 
plots of X 2 as a function of g  2, although the equation 3*5 
was once again proposed. Characteristics showing the varia­
tion of the constants fn T and *KT with haematocrit were 
given. Despite the use of a Casson plot, no mention of 
CassonTs equation was made.
A paper by MERRILL and PELLETIER (I.967) claimed to have 
found a transition effect, from non-Newtonian to Newtonian, 
in the range 20 - 100 sec Results were obtained with the
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same or similar viscometer to that mentioned in the previous 
papers by MERRILL et al (1963) and COKELET et al (1963)* in 
which the surfaces of a rotating cylinder viscometer were 
grooved, to minimise the Vand wall effect. At lower shear 
rates, below 20 sec *, blood was found to behave in the usual 
non-Newtonian fashion, and in this region a very good straight 
line was obtained on the Casson plot, with a yield stress 
of about the same value as in earlier publications. At shear 
rates above 100 sec a straight line was obtained which, 
projected to low shear rates, appeared to pass through the 
origin. This latter region was verified using a pressure 
capillary tube viscometer. Between these two regions, the 
characteristic was purported to follow a transitional path. 
Results were obtained at a temperature of 37°C and at a 
haematocrit of 40%.
Such a transition was refuted by CHARM et al (1969), 
who analysed results obtained from eight determinations 
using a concentric cylinder viscometer and also further 
determinations using a cone-and-plate viscometer. The slopes 
and intercepts on the Casson plot were computed by a least- 
squares method, and evaluations of the likely error were 
made. It was inferred from these calculations that the 
transition claimed to have been found by MERRILL and 
PELLETIER (ibid) may be attributed to varying error factors 
in individual points.
SCHMID-SCHt5NBEIN et al (1969a) confirmed the tendency 
of blood to conform to CassonTs equation, but emphasized 
the deviation of blood from this equation at low shear rates. 
The reason for the existence of a yield stress was attributed 
to the reversible formation of aggregates of red blood cells, 
but it was pointed out that this cannot be the only 
mechanism, since the effect was also found in non-aggregating 
blood samples. However, yield stress was found to be increased 
in blood in which pathologically intensified aggregation 
occurred.
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Some of the results from the paper of CHARM et al (ibid) 
which were given in full detail, were used by the writer to 
compare straight line characteristics on (a) a Casson plot, 
and (b) a logarithmic plot (Bugliarello rs plot), in order to 
determine the comparative validity of Cassonfs equation and 
Bugliarello !s power lav/. The plots from Charm rs Sample 1. 
are shown in Fig 3*2, where it may be seen that the Casson 
plot results in a good straight line over the shear rate 
range 1.83 - 91*5 sec~* but a very definite curvature is 
evident in the logarithmic plot.
The viscosity of blood tends to a constant at high shear 
rates, and hence the index fn f in the power law (equation 3*5) 
would be expected to tend to unity at these shear rates.
Hence it may be inferred that values less than unity, found 
by BUGLIARELLO et al (ibid) may have resulted from 
evaluations at shear rates where non-Newtonian conditions 
still persist. A straight-line characteristic could only be 
expected, therefore, for Newtonian flow where the index ’n ’ 
is unity. The representation of the relationship between 
shear stress and shear rate by a power law is not justified, 
either theoretically or from experimental results.
Casson’s equation appears to give a better 
representation, but the claims advanced for its adoption 
must be treated with caution. As indicated in the discussion 
of Bugliarello’s power law, the behaviour of blood tends 
towards Newtonian at high shear rates. Cassonfs equation 
and Casson1s plot fulfill this requirement. It is at low 
shear rates that deviations from Casson’s equation have been 
observed, and it is at these shear rates that the particular 
nature of this equation is of greatest significance. A 
further point not generally appreciated is that, in plotting 
the square roots of shear stress and shear rate, any 
deviations from the straight-line characteristic become far 
less obvious. If Casson’s equation is to be valid, such
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deviations should be very small indeed. It is therefore 
suggested that Casson?s equation be used for blood as a 
rough approximation only, and that it is unjustified to 
draw any conclusions about the behaviour of blood 
(aggregation, etc) from its conformity to Casson?s equation.
3« 6 Viscosity as a function of temperature and haematocrit
The dependence of the viscosity of blood on temperature 
and haematocrit has been investigated by many workers, the 
earliest of whom were DENNING and WATSON (1906). Using 
capillary tubes, they produced curves showing the "number 
of corpuscles per mm " as a function of ,Tviscosity 
coefficient’1, for horse blood with various anticoagulents 
added. The general shape of the curves shows that viscosity 
tends to rise at an increasing rate with increase of 
haematocrit. Curves for temperature dependence, showing a 
decrease in viscosity for increasing temperature, were drawn 
as straight lines. BRUNDAGE (1934/5) produced curves of 
viscosity as a function of haematocrit,at 37°C, for cat, 
dog, rabbit and human blood, using his concentric cylinder 
viscometer. The forms of the characteristics were similar to 
those of DENNING and WATSON (ibid). -Curves of viscosity as 
a function of haematocrit were also published by WELLS and 
MERRILL (1961b) at two different shear rates (the type of 
viscometer used was unspecified, but these authors appeared 
to be using a cone-and-plate type at this time). They 
compared these results with others they obtained using 
a capillary viscometer.
A study of viscosity by REEMTSMA and CREECH (1962) is 
of interest in that an ultrasonic viscometer was used, in
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which a thin alloy steel blade vibrated at ultrasonic 
frequencies, and viscosity was computed from the amount 
of energy lost by the blade to the liquid. The major 
disadvantage of this viscometer is that there is no means 
of determining, and in fact no meaning for shear rate. 
However, curves of viscosity as a function of haematocrit 
followed the form found by previous workers. Viscosity was 
; found to decrease with increasing temperature, with the 
characteristics showing a marked curvature.
VIRGILIO et al (1964) investigated the effect of 
temperature and haematocrit on the viscosity of blood 
using a capillary tube of bore 0.63mm. The most interesting 
feature was the use of a logarithmic scale for viscosity.
This resulted in a family of ’’curvilinear characteristics” 
for the temperature variation, and, more significantly, 
linear relationships for the haematocrit variation. The 
logarithmic sealje for viscosity was also used by 
GREGERSEN et al |(1965) and again linear characteristics 
were obtained, ^hey also attempted to assess the effect of 
cell size or volume, by using elephant,goat, dog and human 
blood, thus obtaining a wide variation in ’’mean cell volume”. 
Results were al!so obtained for defibrinated and heparinized
dog blood, and flor blood cells of all four types suspended
/
in Ringer’s solution. A concentric cylinder viscometer with 
grooved surfaces, as used by MERRILL et al (1963) was 
employed. The Majority of measurements were made at a 
temperature of 37°C.
1
t
At this stage the significance of temperature and 
haematocrit in blood viscosity determinations was well 
established, and further notice of these effects occurred 
mainly in the form of general reviews, etc. A particularly 
useful publication under this heading is by WEALE (1966)-
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3. 7 The effect of axial aeciiiinxlafion on vlscositv.
Axial accumulation has been discussed by a number of 
workers, but even now its existence is the subject of 
controversy. It has been suggested as a cause of the 
impedance change in flowing blood, although a number of 
alternative theories have been postulated (see previous 
chapter). It has also been suggested by a number of workers 
that axial accumulation is the cause of the change in the 
viscosity of flowing blood with shear rate. Other theories 
used to explain the impedance change in flowing blood have 
largely been ignored until recently (DORMANDY 1974) as 
possible factors in the flow mechanics of blood.
A rather surprising exception occurred in the early 
paper by BRUNDAGE (1934/35), where it was suggested that 
the variation in viscosity with shear rate may be due to 
the ’’easily deformable character and elasticity of the 
red cells”.
A little earlier FAHRAEUS and LINDQVIST (1931) showed 
that the apparent viscosity of blood in capillaries is a 
function of capillary diameter. The authors implied the 
existence of axial accumulation in blood, in that it was 
suggested that the capillary diameter dependence was due 
to the mean velocity of red cells being greater than the 
mean velocity of the surrounding plasma, as a consequence of 
their being transported in the fast axial stream. It was 
then stated that, as a result of this, the red cells in 
suspension would be diluted when passing through a narrow 
capillary tube.
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An indication that the red cells have a higher mean 
velocity than plasma was obtained in vivo by DOW et a3. 
(1946). They ’’tagged” red cells with radioactive iron, and 
dyed the plasma in which the cells were suspended with a 
blue dye. The treated blood was then injected into the 
superior vena cava of a dog, and the dilution of each 
constituent was measured in the left heart, the sample 
having traversed the lungs. Similar experiments were carried 
out by FREIS et al (1949) and confirmed that red cells 
appear to have a slightly higher mean velocity than that of 
plasma. In this case the capillary bed of the forearm was 
used as the site of the experiments. These results appear 
to be consistent with the theory of axial accumulation, but 
it is significant that the effect was found in capillaries 
only.
In his now well-known paper, BAYLISS (1959) produced 
the results of experiments on the optical density of flowing 
blood, detected by the degree of darkening on a photographic 
emulsion. Comparison of the light transfer properties of 
stationary blood and blood flowing at various velocities 
in capillary tubes of between 34// and 150/^  radius were 
made. The blood was diluted with serum to improve its 
optical transmission. A decrease in optical density in the 
boundary region was detected in some only of the samples 
tested. It was concluded that axial accumulation, as 
measured by this technique, was ’’neither large enough, nor 
extended over a sufficient width of the tube, to account 
for the decrease in apparent viscosity with increase in the 
rate of flow.n The observed changes in optical density were 
thought to be due to axial accumulation, but it was also 
suggested that they might be due to cell orientation.
Evidence supporting the theory of axial accumulation 
was obtained in vivo by FOURMAN and MOFFAT (1961), who
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investigated the effect of intra-arterial cushions at the 
point where a branch joined the uterine artery in rats. 
Samples of blood were taken from the artery and from the 
branch. It was found that nplasma-skimming,T (i.e. the 
collection of blood deficient in red cells) occurred where 
there were no cushions, but the inverse, ,Tcell-skimming,T, 
occurred in the presence of cushions. These cushions are 
naturally occurring intrusions into the blood stream, which 
are found at this point in some but not all rats, and have 
the effect of bringing the entry of the branch towards the 
centre of the blood stream in the artery.
PALMER (1965) observed a 1Tplasma-skimmingn effect in 
vitro when he investigated the flow of blood into branches 
in glass capillaries of bore 200^/U or less. He failed to 
find any increase in skimming as the shear rate increased, 
however.
It was pointed out by WHITMORE (1965) that all previous 
attempts to apply the theory of axial accumulation to 
flowing blood in a cylindrical vessel failed to take account 
of the dispersive forces set up in a closely packed suspension 
of particles. Such dispersive forces are in opposition to 
the forces leading to axial accumulation, and thus would 
reduce the magnitude of such an effect. It was thought 
unlikely that red cells in normal blood would form into 
an axial core in capillary tubes, leaving a plasma layer at 
the walls.
A paper by ROWLANDS et al (1965) returned to the topic
of velocity difference between erythrocytes and plasma.
32Red cells were tagged with radio-active phosphorus, P , and
131albumin tagged with radio-active iodine, I . The suspension 
was used for circulation-dilution experiments on 50 cats, 
and a mean ratio of 1.074 in the circulation time of red 
cells and plasma was claimed. It was suggested that, in
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addition to the possibility of axial accumulation, differing 
rates of molecular diffusion may have a significant 
influence on circulation time.
A series of four papers was produced by DEAKIN 
(1967a,b,c, 1968) on the topic of erythrocyte distribution, 
treated entirely from the analytical point of view. The 
first paper was concerned with the derivation of three- 
dimensional equations describing flow of an anisotropic 
liquid in a cylindrical vessel under ideal conditions (rigid 
non-tapering tube of infinite length, steady flow, etc).
The equations were then used to show that, under these 
conditions, rigid particles in a dilute suspension show a 
tendency to congregate in an annulus around the central axis. 
It was assumed that viscosity is anisotropic in the annular 
region containing the particles, and isotropic elsewhere.
Thus it was implied that in normal blood, flowing in a 
cylindrical vessel, the haematocrit, as a function of radial 
distance, would increase to a maximum before dropping to 
its minimum value at the vessel wall.
The second paper enlarged on the findings of the previous 
paper. DEAKIN took the equations of flow developed in the 
first paper, and, by applying the concept of minimal energy 
dissipation together with CassonTs equation, showed that for 
physically realizable values of haematocrit, five regions 
may be distinguished:-
(a) A central core with essentially plug flow and constant 
haematocrit.
(b) A region beyond this where haematocrit increases with 
increasing radius r , and is approximately a function 
of r2.
(c) A zone where haematocrit is a maximum.
(d) A region where haematocrit diminishes with increasing r 
and is approximately a function of r~2. In this region 
Poisseuille flow is assumed.
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I(e) A wall layer (obviously the Vand wall effect is referred 
to here) where haematocrit approaches zero.
It is pointed out that the results of the analysis, depending 
as they do on a number of approximations, should be taken 
as suggestive rather than conclusive. In both papers the 
results were not limited to capillaries.
The third paper was of less interest to the present 
work, being concerned with the ratio of radii of a branching 
artery to a main artery necessary for maintenance of constant 
haematocrit. Some contentious assumptions were admitted, 
including the existence of an annulus of high haematocrit.
In the fourth paper the equations were simplified by 
introduction and evaluation of certain parameters. In 
particular, a parameter D for large vessels (aorta down to 
vessels of minimum diameter 6 0 0 )  was evaluated. This 
parameter is inversely proportional to the square root of 
the product of vessel radius and pressure gradient, and was 
used in the next paper to be discussed.
A further paper was produced by DEAKIN and JONES (1968) 
in which the equations previously developed by DEAKIN were 
solved by means of a computer for velocity and haematocrit 
profiles corresponding to various values of the parameter D, 
and for a mean haematocrit of 0.39* For values of D which 
may be expected in large diameter flow tubes, very little 
variation in haematocrit over the cross-section was found.
For values of D likely to be found in smaller diameter tubes, 
a definite decrease in haematocrit close to the wall was 
found, but not to the extent which might have been expected.
A maximum haematocrit, as predicted by DEAKIN(1967a,b) was 
found at a radial distance from the axis which increased 
with increasing mean haematocrit. However, as the mean hae­
matocrit increase^, so the peak gradually disappeared, 
resulting in an essentially flat haematocrit profile at high 
haematocrits.
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3.8 Velocity profile in flowing blood.
The dependence of the viscosity of blood on shear rate 
causes the problem of velocity profile determination to 
become very complex, even in the ideal case of steady flow 
in a rigid, long cylindrical vessel. In the practical 
situation, flow is pulsatile, and the flow vessel is 
distensible, probably tapering and curved. The cross-section 
may be far from circular, and its shape may vary during 
each pulse. Various attempts have been made to probe this 
problem, using both experimental and analytical methods. The 
latter have always necessitated the use of sweeping 
approximations.
3.8.1 Experimental techniques.
Some of the techniques used for profile determination 
are illustrated in the papers discussed below.
As part of an investigation previously referred to, 
BUGLIARELLO and HAYDEN (1963) attempted to follow the paths 
of selected cells in horizontal capillary flow, using a 
microscope and a high-speed cine-camera, with a powerful 
light source. The film was analysed frame-by-frame, and 
cell velocity determined from displacement between frames, 
a time marker occurring every l/l20 sec. The maximum film 
speed was 3000 frames per sec. By observing cells at various 
points over the cross-section, it was found possible to 
derive the velocity profile. Results were obtained for a 
range of haematocrits extending from 6% to 4-0%, and for tube
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diameters in the range 31*6 to 83. Syt/ . Despite errors 
introduced due to the cell diameter being not negligible 
compared to the tube diameter, and also errors due to refr­
action, useful profiles were obtained, in which evidence 
of a tendency towards nplug,f flow could be seen in some 
cases. The method is obviously only suited to in vitro 
determinations in capillary tubes, in steady flow.
BENNETT et al (1965) attempted a somewhat similar 
approach. They used markers consisting of small wax pellets 
containing radio-opaque dye. The average diameter of the 
pellets was 0.66 mm, and results were presented for flow 
tubes of diameters 0.972 and 0.454 cm. The paths of the 
injected pellets in the flow tubes were recorded on X-ray 
film, at a rate of 12 exposures per second. Despite 
considerable scatter in the results, a marked departure 
from the Newtonian profile may be detected. This method 
extends the range of diameters of flow tubes which may be 
investigated to arterial size. However, the rather large 
size of the markers is a considerable limitation. It would 
be extremely interesting and useful if these two methods 
were applied to pulsatile flow.
A paper by BUGLIARELLO et al (1965) presented results 
obtained in a similar manner to those of the earlier 1963 
paper, but with the capillary tubes vertical instead of 
horizontal, in an attempt to eliminate errors due to sedimen­
tation. The velocity profiles were stated to be symmetrical, 
and only half of each was shown in the paper. Also included 
were viscosity profiles, derived from (a) viscometer 
measurements, and (b) velocity profiles, assuming a linear 
decrease in shear stress from wall to centre-line. The two 
sets of viscosity profiles did not correlate, the curves 
derived from velocity profiles showing a peak in viscosity 
indicating an anulus effect as discussed by DEAKIN (1967a,b). 
However, the assumption of linear decrease in shear stress 
appears to be very controversial.
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The use of ultrasonic techniques, with the possibility 
of obtaining velocity profiles in vivo, was reported by 
PERONNEAU et al (1971)• The method described used a single 
miniature piezo-electric crystal as both transmitter and 
receiver, and an electronic gating circuit allowed selection 
of desired echo signals at predetermined field depths. By 
use of a number of such gates, it was thus possible to 
obtain and select reflections from red cells at desired 
positions in the blood stream, and to compute their velocity 
using the Doppler effect. Due allowance was made for angle- 
of-observation errors. Scanning, in order to obtain velocity 
profiles, was performed in the early experiments by an 
automatically displaced narrow gate, and results computed 
by off-line analogue or digital processing. Mean and in­
stantaneous velocity profiles were shown in the paper. A 
later version was in process of construction, in which 16 
gates were to be used, and on-line processing included.
The profiles shown in the paper deviated considerably from 
the Newtonian parabolic profile, to a much greater extent 
than in previous papers, and in some cases a marked tendency 
towards nplugn flow could be seen. This method was probably 
the most accurate available at the time, and could be used 
for both in vivo and in vitro determinations, but was 
expensive, complicated and could be used on large vessels 
only. It will be even more expensive and complicated in the 
on-line version. There are certain limitations, in the 
limited number of gates, finite beam width and inability to 
obtain measurements close to the walls.
3-8.2
The derivation of a velocity profile by direct 
application of Casson*s equation and taking no other effects 
into account gives rise to a pronounced nplugn flow
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characteristic, if it is accepted that the Casson plot, 
giving a straight line even at very low shear rates is 
correct. The equation for such a profile was obtained by 
OKA (1965)* However, the profile presented in the paper was 
not a plot of the equation, but merely an assumed sketch.
A similar sketch was used by WHITMORE (1967). It appears 
unlikely, to say the least, that the discontinuities 
occurring in these profiles would exist in reality. In fact, 
an exact plot of the equation would not yield these 
discontinuities, as may be seen in the plot presented in 
Appendix A9.2, where it appears for the first time.
The equation developed by DEAKIN (1967/68), already 
referred to, is partly derived from Casson*s equation, but 
also includes effects attributed to accumulation of 
erythrocytes in an annulus. The resulting profiles, which 
appear in the paper by DEAKIN and JONES (19 68), and which 
required a computer for evaluation, are non-parabolic 
and hence non-Newtonian. There are no discontinuities, but 
"plug" flow is not so apparent.
The problem of pulsatile flow was discussed by McDONALD 
(1965)* He assumed that in large arteries viscosity would 
approach its minimum (asymtotic) value, and thus an analysis 
neglecting changes in viscosity was adopted. This gives rise 
to a very idealised approach, since in pulsatile flow it is 
obvious that shear rates of low values including zero will 
occur during the course of each cycle. However, by assuming 
constant viscosity it became possible to derive velocity 
profiles corresponding to various instants in each cycle, 
when a sinusoidally varying pressure wave was assumed. The 
assumption of linear (Newtonian) conditions also enabled 
profiles for non-sinusoidal pressure waves to be obtained 
by a process of harmonic synthesis using the Principle of 
Superposition. A rather surprising outcome of this analysis 
was that, even assuming constant viscosity, and a sinusoidal
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pressure pulse, instantaneous velocity profiles were 
obtained which showed a strong tendency towards a form of 
Tfplug,T flow. It thus appears that results obtained from 
steady flow considerations may need to be considerably 
modified before they may be applied to pulsatile flow.
The incidence of turbulence in flowing blood is of 
obvious relevence to electrical impedance measurements. If 
turbulence occurs so that it affects the whole of the flow 
cross-section, any orderly arrangement of erythrocytes, 
including axial accumulation, would be destroyed, and it 
would be expected that this would have a major effect on 
the impedance.
This logical deduction was, however, thrown into 
disarray by the much-quoted paper of COULTER and 
PAPPENHEIMER (1949)* discussed in the previous chapter.
Turbulence is also of interest clinically, since its 
occurence may be associated with diseased conditions and 
may be a cause of thrombus formation. Whether it occurs in 
vivo in the healthy state is still a matter of some doubt, 
although McDONALD(1952) identified it in the aorta of the 
rabbit at systole. Turbulence is an essential requisite of 
indicator-dilution techniques unless a capillary bed is 
interposed between injection and sampling sites, in order to 
ensure complete mixing. It must be emphasised that turbulence 
occuring due to a sudden change in diameter is not of interest 
here.
Turbulence xn flowing blood
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ReynoldTs Number is given by
Re
where v is the mean velocity, is the density, r the radius 
(although diameter is sometimes used, giving a doubled value) 
andy4-' the viscosity. ReynoldTs Number has been widely used 
as a criterion for the onset of turbulence in flowing blood, 
despite the non-Newtonian character of blood, with its 
widely varying viscosity. ReynoldTs Number is based on 
viscosity being a constant. The non-Newtonian character of 
blood was implicit in the results of FAHRAEUS and LINDQVXST 
as long ago as 19319 and even in those of DENNING and WATSON 
in 1906. Nevertheless, Reynoldfs Number has continued to be 
used as the only available criterion for turbulence in 
flowing blood. Not surprisingly, wide variations in the 
value of Reynoldfs Number corresponding to the onset of 
turbulence have been quoted, for example, COULTER and 
PAPPENHEIMER (1949) gave a value of 980 £ 40, while 
McDONALD (1952) quoted a value of 300. Both writers used 
the form of ReynoldTs number given above, with the radius 
included.
HUNG (1970) stated that ReynoldTs Number is 
”insignificant in providing a criterion for dynamic similarity” 
in conditions of pulsatile flow, and used the Karman number,
in a tube of minimum width Dq andy j  is. the dynamic viscosity. 
A computer programme enabled pressure contours to be produced 
(in terms of K and 0( ) at a sudden change in diameter,St
showing the initiation of vortices. Such a method may be 
useful in predicting turbulence in a smooth tube, although
Ka
together with a frequency parameter 0(
where (zk **)max maximum pressure drop over length Lq
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once again the method is based on the assumption of 
constant viscosity, i.e. Newtonian conditions, and in 
consequence is of limited use in haemodynamics.
The onset of turbulence was presumed by COULTER and 
PAPPENHEIMER (1949)* who claimed to detect a sharp increase 
in slope in the pressure-flow characteristic of blood as 
flow exceeded a certain amount.They failed, however, to 
find any corresponding change in electrical impedance, and 
presumed that any change in impedance in flowing blood due 
to orientation would persist even in turbulent conditions.
The sharp change in the pressure-flow relationship was 
disputed by WEALE (1966), who claimed that if variations 
due to normal random errors were to be taken into account, 
a smooth curve without any sharp transition might equally 
well be drawn through the points on the pressure-flow 
characteristic.
BLOCH (1962) studied the motion of individual red cells 
in flowing blood, and found the motion was extremely complex, 
even at low flow rates. He came to the conclusion that 
blood flow was never truly laminar, and suggested that at 
all flow rates it was probably best described as ”mixed 
flow”, being a condition between laminar and turbulent 
flow.
In an investigation into electromagnetic flowmeter 
sensitivity, DENNIS and WYATT (1969) compared the sensitivity 
of a flowmeter when using saline solutions covering a wide 
range of strengths, with blood samples of widely varying 
haematocrit.Sensitivity using saline varied very little 
with strength of solution, but showed a definite increase 
as flow rate increased through turbulence (at about 500 - 
1000 ml/min) in a 6 mm diameter cannula type flowmeter.
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Sensitivity curves obtained with blood of varying 
haematocrit (from zero upwards) showed:-
(a) Haematocrit affected sensitivity, unlike the strength 
of saline in the initial tests. Increasing haematocrit 
decreased sensitivity.
(b) Blood plasma showed a sensitivity-flow characteristic 
similar to saline, with an increase in sensitivity 
indicating the onset of turbulence over the same flow 
range. On the other hand, increasing haematocrit gradually 
eliminated this increase in sensitivity, indicating the 
gradual disappearance of turbulence. At a haematocrit
of about 40% turbulence was not indicated until a flow 
rate of order 1500 - 2000 ml/min in the 6 mm diameter 
cannula was reached, and at higher haematocrits the 
indication was missing altogether.
The fall in sensitivity with increasing haematocrit 
was attributed to the presence of a cell-free boundary 
layer (due to axial accumulation) estimated to be about 
85ytt thick, giving rise to an electric current shunting 
effect. Turbulence was purported to disturb this layer, 
accounting for the increase in sensitivity at higher flow 
rates. This was, perhaps, rather illogical, in view of the 
same increase in sensitivity occurring in saline as it 
entered into a turbulent state.It was, however, also 
mentioned that orientation of erythrocytes might play a 
part.
There has been very little published on turbulence 
as it affects flow profile, excepting, of course, the 
assumption of a flat profile in the case of general 
turbulence. COULTER and PAPPENHEIMER (1949) postulated a 
two-phase system, with laminar flow in the axial region, 
and turbulence possible in the outer layer. Turbulence was 
assumed never to occur in the central region. It is, of 
course, accepted that such a system would relate to blood
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of reasonably high haematocrit, i.e. normal healthy blood. 
WEALE (1966) proposed a somewhat similar system, with largely 
laminar flow in the central region and a Mslow component 
rolling between axis and vessel wall11. This latter mechanism 
was suggested by the findings of BLOCH (1962), who used 
high speed photography at high magnification to study flow 
in the living microvascular system of frogs, mice, rats and 
rabbits. BLOCH claimed that even at low flow rates the paths 
of individual cells were very complicated. The cells rotated, 
became distorted, and at times even nfolded,r. In capillaries 
the cells followed a decreasign spiral path towards the axis 
of the flow vessel. However, BLOCHTs own interpretation of 
his results led to the idea of ,Tmixed flow”, as previously 
mentioned.
3.10 Concluding comments.
The rheology of blood is highly complex, and there is 
considerable work yet to be done. It is well established 
that viscosity of blood varies with shear rate, but there is 
considerable uncertainty as to the value of viscosity at low 
shear rates (see Fig 3*1). Values for yield stress need to be 
far more accurately determined. It has been pointed out in 
this chapter that the plot of Casson’s equation tends to 
obscure deviations at low shear rates, where published results 
invariably show some curvature. The importance of this 
equation is at low shear rates, and it is here that the 
equation becomes of debatable validity. It should be noticed 
that all published results have been obtained with 
viscometers in which shear rate is the controlled variable.
The use of a controlled stress viscometer (DAVIS et al,
1968), as previously mentioned, would enable more definite 
information to be obtained at and around the yield point.
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Axial accumulation is controversial, and there is no 
conclusive evidence of its occurence in vessels larger than 
capillaries. Even in these small flow tubes there is doubt 
whether a cell-free layer or merely a cell-depleted layer 
occurs. Its thickness is at most a matter of microns, but 
again the value is debatable. It is possible that effects 
attributed to axial accumulation may be explained in terms 
of the Vand wall effect, particularly in vivo, where the 
walls of vessels cannot be regarded as microscopically 
smooth.BAYLISS (1959) stated that axial accumulation on its 
own is not sufficient to explain the decrease in viscosity 
with increasing shear rate.
It seems likely that erythrocyte deformability may 
play an important part in the variation of viscosity with 
shear rate. USAMI et al (1970) investigated the relation 
between erythrocyte deformability and suspension viscosity. 
They found that a lessening of the shear rate dependence 
occured when normal red blood cells were suspended in 
Ringerfs solution. When cells were hardened with acetal- 
dehyde, shear rate dependence gradually disappeared. The 
viscosity of suspensions of hardened cells was the same 
(for the same haematocrit) irrespective of size of cells. 
The cell size was varied by using elephant, sheep and goat 
erythrocytes, as well as from man and dog. However, 
increasing the haematocrit even with hardened cells was 
found to increase viscosity.
While it is generally recognised that the concept of 
Reynold!s Number is inapplicable to non-Newtonian flow, 
its use as a yardstick is indicative of the lack of 
knowledge concerning the nature of turbulence in blood.
The term ,fboundary-layern in haemorheology is usually taken 
to refer to the idea of a cell-depleted layer at the walls, 
due to either the Vand wall effect or axial accumulation,
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or both. Another meaning of this term is used in general 
hydrodynamics. If an obstruction is placed in a fluid(which 
may be Newtonian) in laminar flow, or alternatively when 
the obstruction is moved through static fluid, local 
turbulence may be set up around the obstruction. The 
disturbed region is referred to as a ’’boundary layer”, and 
within this layer reversed flow (relative to either the 
direction of motion of the fluid, or direction of motion 
of the obstruction) may occur(SCHLICHTING, 1968). A similar 
situation may exist when a non-Newtonian liquid flows in a 
tube, with turbulent conditions, including reversed flow, 
possible at the boundary, where viscosity is a minimum, 
and laminar conditions existing in the central core, where 
’’plug” flow results in a low shear rate. This concept may 
explain WEALE’s ’’rolling” motion.
On the other hand, the suggestion of ’’mixed” flow 
described by BLOCH might well answer many of the difficulties 
associated with considerations of turbulence of more 
conventional form in flowing blood.
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Fig 3«1 Viscosity as a function of shear rate. 
(After WHITMORE, 1967)
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Fig 3 * 2 Comparison of Casson Plot and Bugliarellofs Power 
Law. Data from Charm, Kurland and Schwartz, I969.
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Table 3.1 Comparison between the Casson plot and 
the Bugliarello power law.
% J T log# X log x
1. 83
2.9
5-78
9-15
18.3
29.0
57.8
91-5
1.35 
1.70 
2.40 
3.03 
4*28 
5.39 
7. 60 
9.57
0.26
0.46 
0.76 
0.96
1. 26 
1.46 
1.76 
1.96
0.270 
0.305
0.547 
0.656 
1.265 
1.691 
3.25
4.49
0.52
0.55
0.74
0.81
1.12 
1.30 
1.80
2.12
-0.569
-0.516 
-0.262 
-0.183 
+0.102 
0.228 
0.518 
0.652
Data from CHARM, KURLAND and SCHWARTZ (1969),
Sample No. 1.
$  = Shear rate (sec~*)
2 — 1 X  — Shear stress (dyne/cm or S.I, units x 10”
Chapter 4*
The design of the testing equipment and calibration of 
conductivity cells.
Summary
The design of the electrical circuits and the 
conductivity cells is described in this chapter. The 
reasons influencing the choice of the transformer ratio- 
arm bridge, and the magnitude of the errors resulting from 
this choice are analysed and discussed. Tests on the accuracy 
of the bridge circuit are included in the appendix. The 
design of the bridge circuit is followed by a short 
description of the associated amplifiers.
A discussion of the basic design features of the 
conductivity cells follows, with particular emphasis on the 
'•total immersion" feature. This aspect of the design is a 
vital factor in the avoidance of heat losses at the 
electrodes at temperatures above room temperature. A 
difficulty to be expected if the electrode system is 
completely immersed in the reservoir containing the liquid 
under test is the presence of leakage currents to earth 
causing errors. Such errors are minimised by use of the 
transformer ratio-arm bridge.
The calibration of conductivity cells using half- 
strength physiological saline is also included.
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4.1 Introduction.
The unavoidable presence of electrode polarization led 
to the decision to use a relatively high frequency range in 
investigating the stationary and moving impedances of blood. 
This resulted in the reduction of electrode polarization 
impedances to manageable proportions without the complications 
associated with the introduction of a four-electrode system 
of measurement. The frequencies used extended over the range 
10 kHz to 10 MHz approximately.
It is possible to obtain a measure of overall impedance 
using the very simple circuit of Fig 4*1. Circuits of this 
form have been used for impedance observations in such 
applications as plethysmography, where a comparatively 
large change is looked for, and a low degree of accuracy 
may be acceptable. The simplicity of this circuit lends to 
its use over a wide frequency range, but it cannot be used 
to distinguish between conductance and polarization effects.
In order to obtain this facility a "bridge" circuit is 
necessary.
The impedance range required was not excessive, and it was 
possible to accommodate a sufficiently wide range using a 
unity ratio bridge. Since the measurements were to be taken 
at frequencies which are high for conventional four-arm 
bridges, the inductively-coupled ratio-arm bridge (or 
transformer ratio-arm bridge) was the obvious choice. The 
major advantage of this bridge is its freedom from errors 
due to stray capacitance and leakage currents, particularly 
at high frequencies. This advantage enabled the form of 
conductivity cell finally decided upon, in which the 
electrodes are completely surrounded by the liquid under 
test, to become a practical proposition (see Fig 4-2).
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4.2 Theory of the inductively-coupled ratio-arm bridge.
The ratio arms form the basic feature of this bridge. 
These are a pair of closely coupled windings forming the 
secondaries of, in this case, a high frequency transformer. 
The directions of the windings are shown in Fig 4*2.
4.2.1 Balance conditions.
At balance, i.e. when the detector indicates a zero or 
null, the points A and B in Fig 4.2 are at the same potential, 
and if one point is earthed, then both points will be at 
earth potential.
For this condition,
N..s<& = Z I and N„s5 = Z Il x z s
Whence V N: z /zX' S (4-1)
where Nj, Ng are the numbers of turns in the ratio arms,
$  is the r.m.s. value of the alternating flux
in the transformer core,
s is the operator j (*)
Z , Z are the unknown and bridge-standard complexx s
impedances,
X is the bridge current.
The balance conditions show that this bridge has the 
advantage that the ratio depends only on the turns ratio, 
which can be very accurate, and not on impedance values. If 
the turns ratio is unity, then the unknown and standard 
impedances are equal in both real and imaginary parts.
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4.2.2 Errors in the bridge due to imperfections in the 
ratio arms.
An equivalent circuit for the bridge is shown in Fig 
4.3a* The resistances Rj and R£ represent the winding 
resistances of the ratio-arms, and the inductors and L^ 
represent the leakage inductances of the ratio-arms. Leakage 
inductances allow for the components of the magnetic flux 
which link with one or other winding only but not with both. 
Note that leakage of each ratio arm with respect to the 
transformer primary winding dbes not affect the accuracy, 
but merely reduces sensitivity slightly. The components 
and Z^2 are ignored for the time being.
If Lj and L2 are the self inductances of the two arms, 
and M is their mutual inductance, then M —Jlc where
k is a factor (the coupling factor) less than unity due to 
flux leakage. If the leakage inductances are subtracted from 
L, and L, then M = J  (Lj - - L'2) (FREWER 1961).
If Rj + sLj = Zj and R2 + SL2 = Z2 ,
then at balance,
f i  = = Z 1 +  Zx  = ZX (1 + Z1/ZX}
E2 N2 Z2 + Zs V 1 + V Zs>
and using the binomial expansion, then closely
fx = ^ . ( 1  + - fi)   (4.2)
Zs N2 ZS Zs
where Z /Z and Z /Z are the fractional error terms in
S 1 X
complex form. Since the arms are wound symmetrically, then
and will be of the same order for unity ratio arms and 
the errors will tend to cancel. The winding impedances are, 
in any case, kept as small as possible, so the overall error 
becomes very small. If the inductively coupled ratio arms 
were to be replaced by resistive ratio arms, these errors do 
not occur, but are replaced by errors due to inaccuracies 
in the resistors. These latter errors would normally be 
larger than the errors in the transformer ratio arms.
4.2.3 Errors due to stray capacitance and current leakage
These sources are of major significance in the final 
version of the measuring equipment, due to the ntotal 
immersion” aspect. It will be shown that the resulting errors 
are nevertheless small, and this feature of the bridge has 
made a major contribution to the success of the method.
Strays and resistive leakage to earth are represented 
in the equivalent circuit of Fig 4» 3a by Z ^  and ^
balance the potential across Z ^  is zero, and hence strays 
and leakage at this point do not affect the circuit. The 
equivalent impedance Z^^ may be compounded with Z^ and the 
ratio-arm e.m.f. using TheveninTs Theorem, producing the 
equivalent circuit of Fig 4*3b.
Then at balance,
Putting Ej/E2 = n i/^2 anc* us^n^ binomial expansion,
to earth
where Z^
/
(4 .3)
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Since is small, and several orders larger, the
error introduced by leakage and strays is normally negligible. 
If the inductively coupled ratio arms were to be replaced 
by resistive ratio arms, the value of Z^ in the factor 
Z^/Z^j would be replaced by the total resistance of the 
ratio arm, with a correspondingly large increase in the 
error.
4.3 Design of the bridge.
4•3»1 Specification.
Accuracy of bridge:- ^ 1% at mid-frequencies.
- 5% above 5 MHz.
(a somewhat lower degree of accuracy acceptable 
for capacity.)
Frequency range:- 10 kHz - 10 MHz approx. 
Impedance ranges:-
Resistance:- 100 Ohms - 100 kOhms
(0 - 100 Ohms continuously variable plus 100 Ohm
steps)
Capacitance (equivalent parallel) 0 - 2200 pF.
(0 - 100 pF continuously variable plus steps.)
Note: capacitance not likely to be more than 100 pF 
at frequencies higher than 200 kHz.
4.3.2 The ratio arms.
Some departures from normal design were included 
because of the high frequency range. Although a toroid 
constructed from a long tape of magnetic alloy is usual 
at lower frequencies, this form is not.suitable at the
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frequencies to be used here owing to the high energy losses.
A nickel-zinc ferrite core of high frequency grade was 
used instead, this being commercially available. This type 
of core is intended for the construction of high frequency 
inductors, for which design details were available, but 
proved to be very suitable for use in the bridge (see 
Fig 4-4).
The two secondary windings of the ratio-arm transformer 
are normally bifilar. However, at high frequencies this 
would give rise to excessive capacitive coupling between arms. 
The windings were therefore placed in separate single layers, 
each covering about one third of the available space on the 
bobbin supporting them. Because of the small number of 
turns required at high frequencies, it was thought advisable 
to allow for some adjustment of the ratio. This was obtained 
by means of a potentiometer connected across the two centre 
turns of the complete winding, the slider being earthed 
(RV1 in Fig 4-5).
The metal case containing the transformer (supplied 
with it) was found to cause errors at high frequencies, 
and so was discarded. The terminal board normally used with 
the core was also discarded in order to obtain a
symmetrical arrangement of the winding connections.
(
It was originally intended to cover the frequency range 
using one transformer for frequencies below 100 kHz and 
another for frequencies above 100 kHz. However, it was found 
that the high frequency transformer would hold its accuracy 
at frequencies as low as 10 kHz with some loss in sensitivity. 
Since this loss in sensitivity could be recovered by in­
creased gain elsewhere, one transformer only was required. 
Details of the design are given in appendix A4.1.
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4»3»3 The bridge standards.
These consisted of a parallel arrangement of resistance 
and capacitance, since the alternative series arrangement 
would require inconveniently large values of capacitance.
The resistance standard consisted of a continuously 
variable 10 - 110 Ohm high quality carbon track potentiometer 
in series with fixed high stability 1% composite resistors 
as required. Wire-wound resistors were not used owing to 
their inherent winding inductance and self-capacitance, which 
would produce errors at the higher frequencies. The 
capacitance standard consisted of a continuously variable 
4 - 1 0 0  pF capacitor with fixed values switched in parallel 
as required. All components, including the continuously 
variable scales, were calibrated using a 0.1% universal 
bridge. Some components were also checked on a high-accuracy 
commercial transformer ratio arm bridge, and there was 
negligible discrepancy. Recalibration was carried out at 
intervals, and changes in values were found to be very 
small, never approaching the acceptable limits of i \% m
Switched components were not used at frequencies above 
200 kHz, (not usually above 100 kHz) in order to avoid 
errors due to switch capacitance, although tests showed that 
these errors only became apparent at frequencies above 1 MHz. 
Fixed resistors for use at the higher frequencies were held 
in miniature crocodile clips, while at lower frequencies a 
switched set was used. Switched capacitors were used at 
lower frequencies, above 200 kHz values in excess of 100 pF 
were rarely required, but could be made up by additional 
capacitors, again held in miniature crocodile clips.
t
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4« 3» 4 Amplifiers etc.
The bridge circuit was constructed with an emitter 
follower as one unit. The emitter follower provided a wide 
frequency band, unity gain stage, with fairly high input 
impedance (nearly 10 kOhms) to avoid loading the bridge and 
reducing sensitivity. The output impedance was low (under 
100 Ohms) thus isolating the bridge from any subsequent 
loading. (See Figs 4*5 and 4*6).
To avoid damage to blood under test due to excessive 
currents, the bridge was worked at low voltage levels, of 
the order of 5 mV. At this level, measured values were found 
to be independent of the voltage level. This resulted in the 
need for amplification of the bridge output, and an amplifier 
having two identical sections, each with a gain of 10, was 
constructed. Modest gain per section with feedback enabled 
a wide frequency range to be obtained. The circuit of one 
stage is shown in Fig 4«7* The output from the amplifier 
was sufficient to allow a conventional oscilloscope with 
built-in amplifiers and high frequency range to be used as 
a detector.
4.4 The conductivity cells.
The measurement of changes in blood impedance resulting 
from changes in flow rate does not depend on the dimensional 
stability of the conductivity cells being used. Since flowing 
blood was to be used, a design of cell based on a smooth tube 
without projections which might disturb flow patterns was 
indicated (however this last consideration was disregarded 
in two instances). Thus, acrylic tube was chosen as an 
easily obtainable material with good insulation properties 
and easily worked, although not particularly stable 
dimensionally.
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Since few reliable figures are available for the 
conductivity of blood, it was considered worthwhile to 
obtain such values, even though these do depend on the 
dimensional stability of the cell. This was, of course, in 
addition to the impedance change values. Conductivity values 
could not be expected to have an accuracy much better than 
- 5% using acrylic tubing. It may be worth mentioning that 
in a separate investigation under the supervision of the 
writer, glass flow tubes have been used, but it was found 
that instability remained a problem.
Measurement of conductivity required calibration of the 
cells, and this was done using saline solution. Physiological 
saline (9 gm/litre) has a much higher conductivity than 
blood, and was found to give rise to unstable electrode 
polarisation,so it was decided to use half-strength 
physiological saline solution, which has a conductivity 
closer to that of blood. It also produces a lower level of 
electrode polarisation, and in addition this was found to 
be more stable.
The first model was tested over a wide frequency range 
and at different temperatures using saline solution. A 
closed loop circulation was used in order to assist in 
maintaining a uniform temperature, flow through the cell 
being produced by means of a peristaltic pump. This type of 
pump was required at a later stage when blood was tested, 
in order to avoid contamination and haemolysis. Such pumps 
give a pulsatile flow, and when testing the cell with saline 
at temperatures above room temperature, the impedance between 
electrodes appeared to vary during each pulse cycle. This 
artefact was found to be due to heat losses at the electrodes 
A cell was then constructed in which the active section 
could be immersed in the liquid under test, thus maintaining 
the electrodes at constant temperature and avoiding heat loss.
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This arrangement was obviously susceptible to errors 
in measurement due to earth leakage currents, but such errors 
were minimised by the use of the transformer ratio-arm 
bridge. The cells subsequently constructed in this manner 
showed no spurious changes in impedance with flow changes 
when tested at elevated temperatures. Some of the cells 
constructed for various tests are illustrated in Fig 4.8 
The method of calibration is outlined in appendix A4*4* The 
closed-loop test arrangement is shown in Fig 4*9
A i l  Comments on test results.
The accuracy of the bridge circuit in the absence of 
external influences (leakage to earth from liquid under 
test etc.) may be judged by the balance accuracy after the 
bridge has been carefully set up. From the results given in 
appendix A4.2.1, Test 1, it may be seen that the balance 
accuracy is without appreciable error over the range 10 kHz 
to 5 MHz and is within - 5% up to a frequency approaching 
7 MHz.
The effect of earth leakage currents is shown in the 
results of Test 2, where components were added to simulate 
earth leakage paths. These components represent conditions 
far more severe than those likely to obtain in practice, 
with the possible exception of the 8 pF capacitor at a 
frequency of 5 MHz. Since the temperature-controlled bath 
was not directly earthed, stray capacitance to earth in the 
practical arrangement was kept to a minimum.
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The associated amplifiers had an adequate frequency 
response, although this is not very important, since a poor 
frequency response would simply result in reduced sensitivity 
which could easily be regained by use of the gain controls 
of the oscilloscope used as a detector.
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Appendix A4»
A4«1 Details of measuring circuits.
A4♦1.1 Transformer ratio arms.
Mullard Vinkor type LA2560 
18mm "Blue” series.
Mullard type DT2178.
38 SWG copper enamelled wire, secondaries 
nearest centre.Single layer.
Secondaries, 1 4 + 2 + 1 4  turns.
Primary, 12 turns over several layers 
"Tygerflor" insulation.
Primary windings placed centrally.
A4«1» 2 Bridge components (Fig 4*5)•
RV1, RV2 : 10 - 110 Ohms, carbon track.
Plessey "Professional” sealed type.
Rj, R^ : 18 Ohms, high stability. § watt, - 1%,
Cj : 4 - 100 pF Jackson.
A4*1.3 Emitter Follower components (Fig 4*6)
Resistors
Capacitors
Transistor
2.2 kOhms 
15 kOhms 
27 kOhms
R„ 2.2 kOhms  ^ R. 470 Ohms.
4
R- 3*3 kOhms
o
R^ 2.7 kOhms
Ail ^ watt, high stability, - 1%.
- C5 0.1 yi/F 250V Polyester.
0.01 j j V 250V Ceramic.
T„ Mullard BC 109-
Transformer core:
Bobbin :
Windings :
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A4«1»4 Components for one section of two-section amplifier.
(Fig .4-7)
Resistors 33 kOhms 
5•6 kOhms 
2.2 kOhms 
390 Ohms
3•9 kOhms 
680 Ohms
1.5 kOhms 
270 Ohms
All \  watt, high stability, ^ 1%.
Capacitors 0.1 F 250V Polyester.
10 j u  F 25V Electrolytic. 
Mullard BC 108.Transistors
Test figures for measuring circuit.
A4» 2.1 Tests on bridge circuit.
Test 1. Ratio arm balance.
(i) To set the balance.
(a) Cicuit arranged with 680 Ohm resistor in place of 
test cell, and 620 Ohm resistor in series with RV2. 
Bridge balanced at f = 100 kHz by variation of RV2. 
Cj disconnected during this test.
(b) Ratio arms interchanged (reverse-connected) at 
points C and D (Fig 4*5). Rebalanced by adjustment 
of RV2. Then RV2 set to a position half-way between 
the two balance settings, and bridge balanced by 
adjustment of RV1. Procedure repeated until no
(ii) Tests at other frequencies.
(a) At 10 kHz - zero out-of-balance.
(b) At 6 MHz - Change in RV2 for balance - 1 Ohm
(c) At 7 MHz - » « " " . n - 7  Ohms
(d) At 8 MHz - ” M n n " - 10 Ohms.
further adjustments required for balance. The out- 
of-balance resistance can be reduced to less than 
1 Ohm.
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Test 2. Effect of leakage to earth.
(i) Conditions of test.
Bridge arranged with 680 Ohm (nominal) resistor in place 
of test cell, and 620 Ohm (nominal) resistor in series 
with RV2. Variable capacitor was disconnected.
Earth leakage was simulated by connecting various 
components between point C to earth (Fig 4*5)*
(ii)Test results.
Measured value of 680 Ohm resistor = 659 Ohms.
Measured value of 620 Ohm resistor = 620 Ohms.
Difference (errorless setting of RV2) = 39 Ohms.
Impedance from 
C to earth.
Value of RV2 for balance
f = 10 kHz f = 100 kHz f = 1 MHz f = 5 MHz
Inf. 39 Ohms 39 Ohms 39 Ohms 40 Ohms
(+0.15%)
1500 Ohms 46 Ohms 46 Ohms 46 Ohms 43 Ohms^
(+1.1%) (+1.1%) ( + 1 . 1%) (+0.6%)
910 Ohms 50 Ohms 50 Ohms 5 5 Ohms 52 Ohms ^
• (+1.7%) (+1.7^) (+2.4%) (+ 2 .0% )
100 pF 39 Ohms 39 Ohms 28 Ohms * mm
(-1-7%)
8 pF mm mm 25 Ohms^
(-2.1%)
Note:-
1 Required 4 pF in parallel with 680 Ohm res. for balance
2 IT 4 PF tr TT TT TT TT TT TT
3 TT 5 PF it TT TT TT TT TT IT
4 11 8 pF it TT TT TT TT TT TT
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A/l. 2. 2 Test results on amplifiers.
(a) Buffer amplifier (emitter follower) frequency response.
Mid-range gain = unity = designed gain.
Upper 3 db point = 9 MHz.
Unity gain at all frequencies below MHz frequencies
down to 10 kHz.
(b) Two-stage amplifier frequency response.
Mid-range gain = 10 per stage = designed gain.
Upper 3 db point = 4 MHz (for both stages).
Level response at all frequencies below 
MHz frequencies down to 1 kHz.
Note: each stage was tested separately.
N.B. The 3 db points are those frequencies at which the 
gain has dropped by 3 db or by a factor of 0.707 from 
its mid-range value.
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A4« 3 Standardization of cells.
This was required for measuring the conductivity of 
blood, but not for its change in impedance with flow rate.
The resistance of half-strength physiological saline 
was measured between electrodes at a suitable frequency, 
(200 kHz for transverse electrodes, 100 kHz for 
longitudinal electrodes) at a temperature of 20°C. The 
value of resistance so found is termed the nCell Constant”.
Calculation of conductivity.
Half strength physiological saline contains 4*5 gm 
sodium chloride per litre. The molecular weight of sodium 
chloride is 58.46 hence the concentration is 0.0770 
equivalents per litre. Values of equivalent conductance
have been published (KAYE and LABY, 1959) for a temperature
o -1 2of 25 C. By interpolation a figure of IO8.4 ohm” cm equivT'
was obtained for half-strength saline solution, and this
gives a conductivity of 8.35 millisiemens/cm. The
conductivity at 20°C was required, and from measurements on
a number of cells the ratio Conductivity at 25°C :
Conductivity at 20°C was found to be 1.11. Hence the
conductivity at 20°C was 8.35/1.11 = 7-52 mS/cm. and the
conductivity of a given sample of blood is equal to
Cell constant „
Measured resistance '
The reciprocal, termed the resistivity of blood, has been 
used by some workers.
Note: since the cells were not designed primarily to 
measure conductivity, the cell constant was found to vary 
with time, and recalibrations were periodically necessary.
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A4-. 4 Details of conductivity cells
Cell Int. Electrodes
No. Dia#
mm Type No. Geometry Dia.mm
1
Separation Matl.
1 5.8 Circ.
Flush
2 Trans. 2.36 Facing Plat.
2 9.8 n 2 it TT TT TT
3 16.3 ii 2 it TT TT TT
4 5.75 n 2 TT TT TT Silv.
5 5.85 TT 2 Longit. TT 14* 6 mm TT
6 2.8 IT 2 Trans. IT Facing Plat.
6A2 2. 8 2 Longit. TT 10 mm TT
7 5.1 Wire 5 TT 0.63 5,10,20, 
40 mm
Silv.
8 5.75 Circ.
Flush
4 See Note 
3
2.36 See Note 3 TT
9 6.1 Circ.
Move.
2 Trans. TT Variable 
See Note 4 TT
10 9.7 Circ.
Flush
2 Longit. TT 20 mm Plat.
11 16.1 TT 2 TT TT 40 mm IT
12 2.4 TT 2 TT 1.58 10 mm Silv.
13 2.0 TT 2 TT TT 8. 5 mm TT
H 1.6 TT 2 TT TT 6. 5 mm TT
Separation measured centre-to-centre of electrodes. 
Cell 6A was Cell 6 modified.
Electrodes were disposed so that the effect of 
variation of the angle between the line joining the 
centres of electrodes and the axis of the cell 
could be investigated. Angles were 90°,50°,20°,0°. 
Electrodes in this cell were mounted on screws so 
they could be moved radially towards each other.
Note 1. 
Note 2. 
Note 3-
Note 4.
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To Detector
Constant
Voltage^
Source Conductivity cell
Fig 4*1 A simple circuit for monitoring changes of 
impedance in a liquid. The detector may be 
an electronic voltmeter or C.R.O.
Source
Fig 4■2 The basic transformer ratio-arm bridge, showing 
direction of windings of ratio arms.
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Nj g i
Source
{ = □
Fig 4« 3a An equivalent circuit for the transformer 
ratio-arm bridge.
Fig 4« 3b The equivalent circuit of Fig 4* 3a modified 
using TheveninTs Theorem.
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Winding
Space
Fig 4*4 The transformer core. Dimensions in mm.
Source
Liquid
under
test
RV
Fixed
Resistors Buffer
Stageo—
Fig 4» 5 Complete bridge circuit. With the buffer amplifier, 
this comprises a complete unit.
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R 6 20V+
Fig 4« 6 Buffer stage. This emitter follower isolates
the bridge network from the subsequent stages.
20V+
Fig 4« 7 One of two identical sections of wide-band 
amplifier.
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\t
(a)
J
Lr (b)\ (d)H
1
< (e)l f
1/
Lead Epoxy resin 
Acrylic
Z3"
Copper support
Fig 4» 8 Details of conductivity cells (not to scale).
(a) Transverse electrodes (as in cells 1,2,3,4 & 6)
(b) Longitudinal electrodes (cells 5>6A,11 - 14)*
(c) Movable electrodes (cell 9)*
(d) Wire electrodes crossing flow path diametrially
(cell 7).
(e) Multi-electrode cell, for effect of angular 
disposition (cell 8).
(f) Method of mounting electrodes.
-  1 1 0  -
Direction of flow
Connecting 
leads to 
bridge Pump
Blood reservoir. ^Controlled temperature
tank
Fig 4•9 The blood flow circuit. The direction of flow 
ensures that the blood at the point of 
measurement is at the same temperature as the 
blood in the reservoir. Mixing arrangements not 
shown.
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Chapter 5.
Polarization effects in conductivity cells carrying 
alternating currents. Equivalent circuit models.
Summary
The process of conduction of electrical current through 
a liquid, together with the resulting effects at the 
electrodes, is first discussed. There follows the development 
of an equivalent circuit model to represent the electrical 
performance of the system. An analysis of this circuit leads 
to a method for the separation of the impedance of the model 
into its constituent parts. This is then illustrated by 
examples taken from results of experiments performed on 
conductivity cells containing 0.45$ w/v saline solution 
(half-strength physiological saline solution). Particular 
emphasis is laid on the electrode polarization capacitance.
A somewhat more complicated equivalent circuit model 
is developed for conductivity cells containing human blood. 
Again the circuit is analysed and illustrated by examples 
taken from experimental results. It is shown that the evaluated 
constants give a performance reasonably close to the 
experimentally obtained results. A circuit is proposed to 
give a closer agreement at higher frequencies. The physical 
significance of each of the circuit components is discussed.
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5.1 Introduction.
In order to pass a current through any medium, it is 
necessary to employ at least two electrodes in contact with 
the medium so that it may be included in the electric circuit. 
The electrodes then become part of that circuit. If the 
medium is a solid, then the electrodes may introduce negligible 
impedance to the flow of current, except in so far as their 
contact area affects current distribution in the medium. In 
the case of a liquid medium, however, the current flow can 
be very much affected by conditions at the electrode-liquid 
interface, these conditions being determined by both the 
electrodes and the liquid. This effect is termed electrode 
polarization, and its significance to the present work is 
discussed in this chapter.
The effects of electrode polarization may be quantified 
in terms of the components of an equivalent electrical circuit. 
Since the liquid medium does not behave as a simple resistance, 
it is logical to include the effects of the medium as part of 
the equivalent circuit, introducing such components as are 
necessary to represent the part played by the medium. In the 
case of a medium which approaches the ideal, a simple circuit 
will suffice. Saline solution of low concentration may be 
regarded as in this category. However, a medium as complicated 
as blood, being a suspension of vast numbers of minute cells 
in a plasma which is itself complicated, requires a more 
complex circuit to represent its electrical performance.
It will be shown how such a circuit may be developed, and 
how the equivalent components of the circuit may be evaluated.
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5.2 The physical basis of electrode polarization, and 
passage of current through an electrolyte.
In any liquid, except a perfect insulator, a process 
known as ionisation takes place. In this process a certain 
proportion of molecules undergo ionic dissociation, in which 
they each divide into two partsf one of which carries one or 
more positive charges, and the other an equal number of negative 
charges. These two parts are termed ions. For example, in the 
case of water,
H20 ^  - (H)+ + (OH)"
giving hydrogen and hydroxyl ions. The action is reversible.
For a given liquid, the number of dissociated ions is 
a constant per unit volume, for a constant temperature. An 
increase in the number of dissociated ions per unit volume 
occurs if the temperature is raised. In the case of a 
solution, the ion concentration depends also on the 
concentration of the solution. The number of dissociated 
ions per unit volume determines the conductivity of the liquid. 
Water has a low concentration of dissociated ions and is a 
poor conductor, while saline solution has a high concentration 
of dissociated ions and is in consequence a good conductor.
Now consider the introduction of a pair of electrodes 
into an ionised liquid (now termed the electrolyte) and 
assume that no chemical action results, either with or 
without current flowing. A transfer of charge occurs at the 
electrode-liquid interface, which results in the metal 
assuming a negative charge which opposes further ionic 
transfer and an equilibrium is reached. At this state, a
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potential barrier exists, made up of a "double-layer” 
consisting firstly of a region close to the electrode where 
the potential gradient is uniform, and a second layer farther 
from the electrode, where charge distribution is less intense 
and the potential gradient is non-uniform. This double-layer 
produces the "half-cell” potential used to advantage in 
electric cells, but which causes difficulties in electrodes 
used with direct current. The "half-cell" potential is very 
constant for a given metal and given electrolyte of given 
concentration, at a constant temperature.
If now an attempt is made to pass a d.c. current through 
the electrolyte by application of a fixed d.c. voltage, 
discharged ions will collect at the electrodes, sometimes 
forming a gaseous layer (e.g. chlorine in the case of saline 
solution) at one or other of the electrodes, and sometimes 
combining chemically with the metal of the electrodes. This 
ionic layer causes the current to reduce as the layer of 
discharged ions builds up, and is often termed ITpolarization,T 
- not, unfortunately, the only meaning of this term in the 
context of passage of current through an electrolyte. The 
term "electrode polarization” will be used here to include 
all effects combining to produce an electrical impedance at 
the electrodes, this impedance being termed the electrode 
polarization impedance. The use of passage of current through 
electrodes and electrolyte to produce chemical separation, 
purification etc. is termed electrolysis.
The use of an alternating current will prevent the 
electrolytic action from taking place, also the collection 
of discharged ions at the electrodes, due to the cyclic 
alterations in direction of the forces tending to move the 
ions to one or other of the electrodes. However, the double­
layer effect is still operative, and also any chemical 
reactions which may take place at the electrodes in the 
absence of current, e.g. deposition of a layer of silver
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chloride on silver electrodes in a chloride solution. These 
effects present an opposing effect to the flow of electric 
current,which may be represented by an impedance. This 
impedance may be subdivided into a pure resistance, independent 
of frequency, in series with a resistance and capacitance, 
both of which vary with frequency. These latter two components 
together are often referred to as the "Warburg" impedance.
In addition, the double layer constitutes a capacitance 
which may reach rather large values.
The presence of a potential gradient in the electrolyte 
causes a conduction current to flow due to motion of ions.
In addition, the molecules and ions themselves become 
"polarized” due to the action of the electric field, in that 
their charge distribution is no longer uniform and they form 
electric dipoles which align with the electric field. This 
also results in a current flow, termed the displacement 
current, which is Tf /2 radians out of phase with the 
conduction current. The electrolyte may thus be represented 
by a resistance in which the conduction current flows, in 
parallel with a capacitance in which the displacement 
current flows. These remain constant over a wide frequency 
range.
5« 3 Equivalent circuits for ideal electrolytes.
The physical behaviour of an electrolyte between a pair 
of electrodes has led to various attempts to represent the 
performance by equivalent circuits, or circuit models. A 
comprehensive circuit is shown in Fig 5*1(a) and its 
simplification for a.c. purposes in Fig 5*1(b) (BAKER, 1971)* 
In these circuits it would have been more logical to include 
the capacitance C directly in parallel with the electrolytic 
resistance having due regard for the nature of these 
components.
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This circuit, which is derived directly from the 
considerations of the previous section, and therefore 
requires no further explanation beyond the description of 
the components with the diagram, is, however, rather complex 
and it is not easy to evaluate the components. A simpler 
circuit used by several writers is shown in Fig 5-2 
(SCHWAN, 1955, 1963, 1968, SMITH et al 1967). In this 
circuit the electrolyte is represented by a parallel 
arrangement of resistance and capacitance, and the electrode 
impedance by a series arrangement. The electrolyte 
components are similar to those of the previous circuit, but 
with the electrolyte polarization capacitance now directly 
in parallel with the resistance. These components are appre­
ciably constant over a wide frequency range. The electrode 
components, on the other hand, although now in a much 
simpler form, vary with frequency owing to the influence of 
the Warburg impedance. SCHWAN (1963) has stated that both the 
resistance and capacitance are proportional to the frequency 
function f"~m where the index m increases slowly from 0.3 
to 0.5 as the frequency increases. The components of the 
Warburg impedance have been stated to be proportional to 
f~2 (ROBINSON and STOKES 1959).
SCHWAN (ibid) also showed that the electrode impedance 
may be regarded as Ohmic, i.e. the impedance is independent 
of electrode current density as long as this current density 
is kept below about 1 mA/cm . The current densities in all 
the tests to be described here were well below this figure.
Electrode polarization is considerably reduced by the 
use of platinum-black electrodes, in which a spongy, porous 
layer of platinum is deposited on the electrode surface. 
However, such a layer is easily damaged, and difficult to 
clean when using blood. It was therefore decided to use 
bright platinum and bright silver electrodes in the tests
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to be described later, this being justified by the high 
frequencies to be used, with the consequent reduction in 
electrode polarization effects.
5* 4 Analysis of the equivalent circuit.
The equivalent circuit as used by SCHWAN (1963) provides 
a model which lends itself to analysis and evaluation of 
components. It will be used here for saline solution, and 
a development will later be used for blood.
With symbols as on the diagram of Fig 5.2, the electrode 
polarization impedance may be expressed as :-
Z = R + l/sC .....  (5.1)
P P ' P
where the operator s is equal to jio in the sinusoidal case,
2 2 and thus s is equal to - CJ .
The electrolyte resistance R^ and capacitance C 
(see Appendix A5«l) may be combined in parallel to form 
an impedance given by:-
Ze = Re/(1 + sCeRe} .....  (5‘2)
The measured values of the cell impedance are 
conveniently in the form of a parallel arrangement of Rx
and Cx, giving:-
Zx = Rx/(1 + sCxRx)   (s.3)
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Combining these equations gives
Z — Z ~h z x p e
and substitution of the resistances and capacitances, after 
rationalization, leads to:-
R (1 - sC R ) D , R (1 - sC R ) / - . \x v x x/ = R + 1 + e e e* . . (5-4)
1 2r  2d 2 p sC 1 2n 2d 21 - s C R  p 1 - s C Rx x  e e
Equating real terms gives
RX = r  + Re   (5.5)
2^ 2^ 2 p 2„ 2„ 2 1 - s C R 1 - s C Rx x  e e
2 2 2If the terms s C R are small compared to unity, then 
approximately,
R (1 + s2C 2R 2) = R + R (1 + s2C 2R 2) ... (5-6)x v x x y p e e e
2 2 2and the terms s C R become error terms. Since s = jo,
2 2 2these terms may be put in the alternative form -(J C R and 
it can then be seen that the errors are negative. If the 
errors are negligible, then
Rx = R P  + Re   (S-7)
Equating imaginary terms gives
sCxRx2 = - J _  + sCeRe2 ... (5.8)
1 - s2C 2R 2 sCp 1 - s2C 2R 2x x  e e
If, again, the error terms may be neglected, then
R 2
C 1 + C . e   (5-9)
2 „  n 2 _ 2s C R Rp x x
R 2
or C = 1 + C . e   (5.10)
x  "™9 o e  — 2
(O C R Z Rp x x
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5» 5 Evaluation of the constants of the equivalent circuit.
The equations 5*7 and 5*10 do not readily lend them­
selves to evaluation of the equivalent circuit, despite the 
simplifying approximations. However, it has already been 
mentioned that the electrode polarization components decrease 
with frequency according to the frequency function f~m ,
This may be used to determine the part played by the resistance
From the results published by SCHWAN (1963) for 
platinised (i.e. with platinum black surfaces) electrodes, 
and assuming the usual relationship between resistance and 
area, a simple calculation shows that platinised electrodes 
of the same surface area as the electrodes used here for 
the majority of tests would have values of as follows:-
At f = 1 kHz, R = 8 ohms.
9 P
At f = 10 kHz, R = 2 ohms, for physiological
P
saline. It will be seen later that the electrode polarization 
resistance for bright platinum electrodes follows a similar 
pattern, but with somewhat higher values.
Over the major part of the frequency range used in the 
tests described here, the polarization resistance is negligibly 
small. Further, the error terms are also small at these 
frequencies, and hence equation 5*6 reduces to the equality 
R = R . This equality is justified over the range where
X 6
Rx is constant, since both the errors and the polarization 
resistance R^ vary with frequency. It will be seen that the 
range over which Rx is constant is very wide for half­
strength physiological saline.
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Applying this to equation 5-10 gives, for the 
equivalent capacitances,
Cx = i/ w 2c pr x2 + Ce .....  (5.11)
and C is a function of frequency, of form Kf~m . Since 
P
tv = 2 Tf f, then if a curve of log is plotted as a function
of log f, then a straight line should be obtained, of slope 
-(2 - m), intersecting another line of zero slope 
corresponding to the higher frequency case where 
electrode polarization becomes negligible and becomes 
equal to C^.
5.6 Electrode polarization from half-strength physiological 
saline solution.
Frequency response curves were obtained for several of 
the conductivity cells, using half-strength saline. Typical 
results are shown in Figs 5*3 - 5-5 It may be seen that the 
measured resistance is constant over a wide frequency range 
for the two cells for which results are included here. These 
results are typical and justify the assumptions made above.
At the lower end of the frequency range an increase in
the measured resistance as the frequency decreases can be seen.
2 2 2This is due to both the error term 60 C R , which becomesx x 3
noticable at these frequencies, and the effect of polarization
resistance. The error term was calculated and is shown in
Table 5-1 et seq. At higher frequencies, where is the
predominant part of C , and R becomes negligibly small, thex p
error terms tend to increase again, but at the same time 
they become identical on either side of the equation and thus 
cancel. Hence they are not included in the tables. The small 
decrease in measured resistance at these higher frequencies 
may be due to imperfections in the measuring equipment.
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The variation of measured capacitance with frequency 
shows the expected rapid decrease with increasing frequency 
in the lower frequency range. The plot of log Cx as a function 
of log f shows the predicted straight line characteristics.
The slopes of these lines were found to be closely similar 
for both cells, despite the different electrode arrangements. 
(Cell 1 had electrodes facing each other across the flow 
line, while Cell 5 had the electrodes arranged one downstream 
of the other. See Fig 4*8 (a) and (b) where these cells are 
illustrated.) The slopes of these characteristics were also 
found to be almost independent of temperature* The values 
found for the index m were lower than those quoted by SCHWAN 
(1968) although this may be due to the use here of bright- 
platinum electrodes, whereas Schwan used platinised electrodes 
of larger area and at lower frequencies.
At higher frequencies the plot of log C produced the
X
predicted line of zero slope. In both cells this corresponded 
to a very small value of capacitance. This line was found to 
be constant at high frequencies, where electrode polarization 
has no influence. However, the value obtained includes, in 
addition to electrolyte polarization capacitance, capacit­
ances due to the connecting leads etc. While it would be 
possible to compensate for these additional capacitances, 
this was not felt to be justifiable here, since the measured 
values were so small, and errors must in consequence be 
considered large. The consequence of omitting this evaluation 
is that no estimate of relative permittivity has been made.
If such an estimate was required, the use of electrodes 
having a much greater surface area would be advisable.
The curves show that the equivalent circuit model is 
satisfactory for half-strength physiological saline solution. 
It is also evident that electrode polarization resistance 
is of no significance except at the lowest frequencies used
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here. Finally, the electrode polarization capacitance is 
shown to be a frequency function of the form Kf~"m .
Calculations are given in Appendix A5*2*Since the 
impedance of a capacitor is inversly proportional to its 
capacitance, then the greater the value of the constant K 
in the above expression, then the smaller the effect of 
electrode polarization capacitance. It will be seen that the 
results for the two cells are very similar, with very little 
temperature dependence. However, it appears that the electrode 
constant K was greater for Cell 5 than for Cell 1. This is 
thought to be due to the fact that, despite careful cleaning 
with cetrimide solution,the electrodes in Cell 1 had probably 
collected a surface film, having been in use some time 
prior to the taking of the measurements with saline solution, 
while the electrodes in Cell 5 had not been much used at this 
time. For thorough cleaning a mild abbrasive is probably 
necessary.It is worth noting that the electrodes in Cell 5 
were of silver.
5-7 Electrode polarization using plasma.
The frequency characteristics of a sample of plasma 
are shown in Figs 5*6 and 6.6(a). The general form of these 
characteristics is very similar to that found for saline 
solution. The constant K in the expression for electrode 
polarization capacitance was rather lower, giving a higher 
value of impedance (impedance being proportional to the 
inverse of capacitance at a given frequency). The mid-range 
value of electrolyte resistance is lower, thus indicating 
a higher ionic density. This may explain the lower values 
obtained for the coefficient K, since the presence of a
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higher ionic concentration would give rise to a ,?double- 
layer” of increased thickness. However, the electrode cap­
acitance is very dependent on the state of the electrode 
surface, and for strictly comparable results it would prob­
ably be necessary to etch the electrodes, but this is not 
practical when they are mounted in an enclosed conductivity 
cell.
The curve of log Cx as a function of log f shows a very 
clear straight-line characteristic over the low and medium 
frequency ranges. However, the sharp transition from negative 
slope to zero slope in the higher frequency range, as found 
with saline, is absent here. This may be due to the complex 
nature of plasma, which contains a high percentage of proteins 
of comparatively large molecular size. The polarization 
of these molecules would fail to respond to the cyclic re­
versals of electric field at high frequencies, and thus a 
decrease in the effective capacitance at these frequencies 
would be expected.
5.8 Electrode polarization using blood.
The variation with frequency of the measured resistance
and capacitance of samples of blood in the two cells under
investigation is shown in Figs 5*7* 5-8, 6.6(a) and 7*2.
Measured values were obtained with the blood sample in a
stationary condition (R and C ) after having been thoroughlys s
mixed.
The characteristics show some marked differences compared 
to those previously obtained, particularly at high
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frequencies. The low-frequency region of the characteristics 
enabled the electrode polarization coefficient K to be 
evaluated, together with the index m. Values for a number of 
samples are tabulated in Appendix A5.2.2, in which it will 
be seen that coefficients of values similar to those found 
previously, but with a tendency to a small increase, were 
obtained. However, the indices were rather greater and 
showed a tendency to fall within the limits suggested by 
SCHWAN (1968), although this was for very different 
conditions.
The shape of the characteristics at the higher end of 
the frequency spectrum will be shown to lead to a modified 
version of the equivalent circuit model, and this will be 
discussed in the next section.
5*9 An equivalent circuit model for blood.
A comparison of the higher frequency characteristics 
for blood with those previously discussed shows some marked 
differences. Firstly the measured resistance was found to 
decrease to a far greater extent at frequencies above the 
region of 1 MHz, and the mid-range value was considerably 
greater than that found for plasma. Secondly, the capacitance 
characteristic was found to have gained a plateau in the 
mid-frequency region, where a point of inflexion occurs.
The value of the capacitance where it approaches a constant 
level (Figs 6.6(a) and 7*2) is many times greater than that 
found for half-strength physiological saline solution. The 
plot of log C as a function of log f (Figs 5*7(a) and 5-8)
S
in each case shows that the curve may be constructed from 
three straight lines, these being the usual negative-slope 
line at lower frequencies, corresponding to electrode
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polarization capacitance, an abbreviated horizontal line in 
the mid-frequency range, and at higher frequencies the 
characteristic appears to have as asymptote a line of 
slope -2.
The equivalent circuit model used for saline solution 
is thus not representative of the high-frequency performance 
of blood, and modification is necessary. A circuit to 
represent blood must have a similar performance to that of 
saline solution over the low- and mid-frequency ranges, but 
the resistive and capacitive components must both decrease 
in the upper frequency range. This may be accomplished by 
increasing the values of the components representing the 
electrolyte, and by placing an extra resistance in series 
with the electrolyte polarization capacitor. This is shown 
in Fig 5*9(a). The components representing the electrolyte 
only now correspond to an arrangement suggested by FRICK and 
MORSE (1926). However, this early work was inconclusive, 
since the method of realization by plotting logarithmic 
characteristics was not appreciated, neither was any 
reference made to an equivalence for the electrodes.
Refering to Fig 5.9(a), the electrode polarization 
impedance (R + l/sC ) may be ignored at higher frequencies 
where the circuit may be analysed in terms of admittance:-
Admittance Y = ~-Ke
1
Re
The real (conductive) part is given by:-
+ + 1/sC^
sC
1 2x> 2 n 21 - s Rp C~f f
s2RfCf2 f f
1 - s2Rf2Cf2 f f
This is equal to l/R0 at low and mid-frequencies,
i.e. R = R ............ (5.13)x e
and equal to l/R + l/Rp at very high frequencies,
i. e Rx
Re ...(5.14)
The quadrature component is given by:
Cx (5.15)
At low frequencies, Cx Cf ( 5. 16)
At high frequencies, Cx 1/W 2Rf2Cf (S.17)
If the quantities R^ and in the above equations do 
not vary with frequency, then the curve of log as a function 
of log f should tend towards a straight line of slope -2 
as the frequency becomes high. Inspection of the curves of 
Figs 5.7 and 5.8(a) shows this to be a strong probability.
It must, of course, be appreciated that the work described 
here is concerned with the use of small electrodes working 
at high frequencies. Further work at low frequencies would 
be useful in corroborating the above results, if larger 
electrodes were used.Nevertheless, it was possible to obtain 
component values for the circuit model, and these appear in 
Appendix A5*3* From the circuit constants the resistance- 
frequency characteristic may be derived. A check at single 
frequencies showed in each case a satisfactory degree of 
correlation.
The circuit may be interpreted physically by considering 
the blood cells to possess high resistance but relatively 
large capacitance. This capacitance has been attributed to
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the polarization of the liquid interior of each cell, but 
it appears more likely that it is due to the capacitance of 
the thin membrane surrounding each cell, the interior then 
performing as a conducting medium. The capacitance of the 
cells is, of course, summed throughout the effective bulk 
of the blood between electrodes. The resistance then 
represents the effective resistance of the high-frequency 
current path through the cells. It also includes the resist­
ance of the plasma in the ’’shadow” of the cells. At low 
frequencies the current distribution in the plasma would be 
such that plasma in the ’’shadow” of each cell would contribute 
little to the overall conduction path. At high frequencies, 
current would flow through the cells and thus the ’’shadow” 
plasma would contribute. The current distribution would be 
more uniform, and the conductivity higher. This also has 
a bearing on the theory of Erythrocyte Distortion, discussed 
in Chapters 2,3 and 9«
It is apparent that the capacitor C^ . represents an 
entirely different physical quantity to the much smaller 
capacitor in the saline solution model. It is therefore 
logical to add further capacitors to the blood circuit 
model, as in Fig 5.9(b), to represent the polarization of 
the plasma, C^, and the capacitance of the cell and connecting 
leads, C^. Unfortunately, the plasma polarization capacitor 
can only be evaluated at very high frequencies, when using 
very small electrodes as here. The capacitance of the cell 
and leads, C^, can, if significant, be obtained by measuring 
the effective capacitance of the dried empty cell. However, 
with the cells in use here, if an allowance of about 10 pF 
is made for the combined capacitance + Cj, the differences 
between the calculated and experimental values for Rg in 
Appendix A5*3 would be considerably reduced.
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S.10 Electrode polarization resistance.
The electrode polarization resistance is of importance
only at low frequencies, since its value falls with
increasing frequency. SCHWAN (1963) has stated that the
polarization resistance follows a similar law to that for
electrode polarization capacitance, i.e. = kf m .
Curves of log R , plotted as a function of log f in Fig 5*7(b) 
P
show that this law appears to hold for the cells in use
here, but the index m does not equal the index for the
electrode polarization capacitor. For the resistance, the
index shows much greater temperature dependence. Since the
values of R^ are small in comparison with the values of
measured resistance, an accurate estimate of R cannot be
* P
expected. For greater accuracy, readings at much lower
frequencies would have been required.
5.11 Concluding comments
The effect of polarization impedance at the electrodes 
of conductivity cells has been described. It has been shown 
possible to separate the electrode impedance from the 
electrolyte impedance, and to represent the electrode impedance 
by a series arrangement of resistance and capacitance. It 
has further been shown that the electrode effects are of 
importance at lower frequencies only, and that electrode 
capacitance is of greater significance than electrode resist­
ance. These conclusions apply to small electrodes at fre­
quencies in the range 10 kHz to 10 MHz, but there is no 
obvious reason why they should not apply to lower 
frequencies.
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Equivalent circuit models were developed for the ideal 
electrolyte and for a suspension, and circuit components 
evaluated for, respectively, saline solution, plasma and 
blood. The inclusion of a second capacitor in the case of 
the equivalent circuit for blood was suggested. This would 
enable a much closer approximation to be made at higher 
frequencies. It was shown that this capacitor has a physical 
significance, and represents the capacitance of the cell, 
leads and plasma, although plasma may be represented by a 
third capacitor.
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Appendix A5«1 The equivalent resistance and capacitance
Assuming the electrolyte to be homogeneous, isotropic 
and linear, then the relationship between electrolyte 
resistance and conductivity may be obtained as follows
At any point in the electrolyte, J = c5" E where J is
and E is a vector representing electric field strength in 
Volts/m. Then total conduction current is given by
Usually the inverse, the conductance G , is used, but it 
is convenient to measure in terms of Re
The electrolyte equivalent capacitance is found in a 
similar fashion. The permittivity £ is the ratio of electric 
flux density D, in coulombs/m , to electric field strength J3.
If £ permittivity of free space, then permittivity £
is given by £ = where £  is the relative permittivity.
Polarization of the electrolyte is given by
of an ideal electrolyte.
2
a vector representing conduction current density, in Amps/m
J A
where A is any cross-sectional area embracing the total 
conduction current.
The voltage across the electrolyte, excluding electrode 
effects, is given by
V
■e
where £  is any path between
electrodes.
Then R = V/l e ' c ohms.
P D - g E = £ £, E - £ E—- c'o— o ^ o—
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If is l a r g e  compared to unity, P ~ £ 0
Total electric flux is given by ID.dA and electrolyte
J p T  “
capacitance C is the ratio of total electric fl.ux toe
voltage, i.e. Ce E*d^ farads.
Since displacement current I^ is given by the expression
then I^ = V/sC^ where s is the operator •
The relationship between resistance and conductivity
is not readily evaluated where the current density is not
uniform, nor the current path readily defined. However,
for homogeneous, isotropic, linear media the relationship
may be assumed a constant ratio for varying conductivity in
a given cell. This enables the conductivity of an electrolyte
to be obtained from the measured resistance R where R maye P
be neglected, if the conductivity cell is calibrated with a 
solution of known conductivity at a given temperature, as in 
Appendix A4.3 Ideally the temperature of the calibration 
should be the same as the temperature of the liquid under 
test if errors due to variations in cell dimensions are to 
be avoided.
Appendix A 5.2 Electrode polarization capacitance values.
Methods of evaluating components of the equivalent 
circuit, and calculated values for half-strength 
physiological saline, plasma and blood are shown below.
Id
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Appendix A5.2.1 Electrode polarization capacitance using
half-strength physiological saline.
(a) Method of evaluating capacitance.
(i) Value of index m. Found from evaluating slope of log C
X
vs log f at low frequencies, subtracting from 2.
(ii) Value of coefficient K. Found by multiplying slope of 
log Cx with its projected interception on horizontal
axis, thus finding value of log C at f = 1 kHz. Then,
taking logarithms of both sides of equation 5*10 and
neglecting C , e
log C = -(log C + 21og£j + 21og R )
X U X
where capacitances are in farads. is taken at its mid­
range value, and if f = 1 kHz, then = K.
Finally, C = Kf m >C/F, where f is in kHz, and 
—m PKf is converted to yuF for convenience.
(b) Summary of results for saline solution.
Cell
No.
Temp. Slope of 
bog Cx
Index
m
Log C at 
f = lxkHz
Mid-range
R
X
C = Kf“m 
P
1.
tran
20°C -1. 80 0. 2
LOoCOK001—1 453 0.3 9 f ~ ° ' 2 
0 .36f~°*237 -1. 80 0. 2 1.8 X 3. 20 342
5.
long
20 -1.75 0. 25 1.75 x 2.25 1330 0.51f~°* 25 
0.48f"°‘2537 -1.75 0. 25 1.75 x 2.70 987
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Appendix A5.2.2 Electrode polarization capacitance using
plasma and blood.
Summary of results
Cell
No.
Temp Slope of 
log Cx
Index
m
Log
f =
C at 
lxkHz
Mid-range
R
X
C = Kf”m 
P
1.
Plasma
H23
20°C
37
-1.86
-1.86
0. 14 
0. 14
1. 86 
1.86
X
X
3.15 
3. 30
337
242
0.30f"°*14 
0.32f"0,14
1.
Blood
H16
20
37
-1. 62 
-1. 62
0. 38 
0. 38
1. 62 
1. 62
X
X
3. 10 
3.25
750
547
0.42f"°'38 
0.45f”°‘38
1.
Blood
Hl8
20
37
-1.63 
-1. 63
0. 37 
0.37
1. 63 
1. 63
X
X
3-05 
3. 20
77 0 
546
0.46f"°* 37 
0.51f-°'37
1.
Blood
H20
20
37
-1.54
-1.54
0.46
0.46
1.54
1.54
X
X
3- 15 
3.30
730
530
0.66f“0*46 
0.59f"0,46
1.
Blood
H22
20
37
-1. 61 
-1. 61
0.39
0.39
1. 61 
1. 61
X
X
3.05 
3. 20
790 
57 0
0. 49f"’°* 39 
0.55f"°‘39
5.
Blood
H28
20
37
-1. 58 
-1.58
0.42
0.42
1. 60 
1. 60
X
X
2. 60 
2.75
2370
1720
0.34f"°* 42 
0.38f~0,42
Note: For sample Hl8 see Figs 5*7 & 6.6(a)
For sample H28 see Figs 5*8 & 7*2.
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Appendix A5»3 Equivalent circuit values for blood.
(a) Method of evaluating component values (Fig 5*9(a)).
(i) Electrode polarization components (Rp> C ) as before.
(ii)Resistor R is equal to the mid-range value of R .
6 X
(iii)Capacitor is equal to the inflexion point value of C,
(iv) Resistor R«s-
2 2 2From equation 5*15* when to R^ = 1,
then Cx = C^/2, or log Cx = log - log 2.
This point is found from the graph of C (or log C )
X X
as a function of log f and the corresponding value of
f, (f ) is found, o
Then R^ = l/to C^ . at this frequency
(v) A corroborating value of Rx can be found at this 
frequency, since equation 5.12 reduces to
R
l/R = l/R + 1/2RP or R"x ' e ' f x 1 + R /2R ~e f
(b) Summary of component values
Cell
No.
Temp Re
Ohms
Cf
pF
Half-cap. 
freq. f Rf
R at freq. f x c
Calc. Meas.
1. 20°C 77 0 71 2.50 MHz 900 540 560
Hl8
37 546 80 2. 80 710 400 430
5. 20 2370 35 2. 24 2000 1500 1700
H28
37 1720 38 2. 82 1480 1100 1220
- 135 -
pi wl wl w2 . w2
(a)
R C R
e
(b)
Fig 5«1 (a) Comprehensive equivalent circuit model for 
two-electrode cell.
(b) As above, but modified for a.c. equivalence 
only, with lumped parameters.
R^ = Ohmic resistance of electrolyte.
= Cell capacitance, formed by electrodes and
electrolyte, with wiring, etc.
Cp = Electrode capacitance formed by double layer.
C^, = Components of Warburg impedance (prop- to f ,
R = A pure resistance independent of frequency, 
p
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KS|
H*
Re
Fig 5» 2 A simplified equivalent circuit model.
R and C represent the electrode polarization 
P P
impedance, and are frequency functions, proportional 
to f-m, and R^and represent the electrolyte 
impedance, constant over a wide frequency range.
The values of these components are readily realizable, 
using logarithmic plots.
(After SCHWAN, 1963).
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-5x-
Ohms
(a)
R— x?
Ohms
(b)
Fig
500 .
400-
300
200-
t = 20 C
■0— — Q. '0— 0—  Q.
t = 37°C
■&— — &—
Cell No. 1.
1- » fr r . ,  ,-p h y » . a a l i n f i -  
(Table 5.1)
100-
0 1 " 'i■» | C— i— i— i i n  1 11---- 1------1 r-T » m u -----1— |----- 1— | i | '• r r |“
0.01 0.1 1 10
Frequency - MHz
1500-
20 C
•& s-
A A.
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.3 Frequency response of measured resistance of 
typical cells containing saline solution.
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Fig 5.4 Frequency response of measured capacitance of 
typical cells containing saline solution.
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5 Logarithmic plots of measured capacitance as a
function of frequency for typical cells containing 
saline solution. For evaluating components of 
equivalent circuit model.
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Fig 5* 6 Logarithmic plot of measured capacitance as a function 
of frequency for a cell containing blood plasma.
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Fig 5« 8 Logarithmic plot of measured capacitance as a
function of frequency for a cell containing blood.
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function of frequency for a cell containing blood,
(b) Logarithmic plot of polarization resistance of 
same cell,containing blood.
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Fig 5■9 (a) A circuit model to represent a cell containing
blood. C and R represent the electrode 
P P
polarization impedance, R^ the plasma impedance, 
R^ . and C^ . the overall cell impedance. (Formed 
from combining circuits of SCHWAN, 1963 and 
FRICK and MORSE, 1926.
(b) An improved version, where is added to 
represent plasma polarization, the 
capacitance of wiring, etc.(unpublished).
- 143 -
Table 5*1 Frequency characteristics of conductivity cells 
using half-strength physiological saline soln. 
Evaluation of electrode effects.
Cell No. 1.
(i) Temperature = 20°C.
f Hz R
X
C
X
log f log Cx Error
Ilk 471 3400 1.04 3.53 1. 2%
14 470 2200 1.15 3.34 0. 8
23 461 1000 1.36 3.00 0.4
34 458 500 1.53 2.70 0. 2
50 455 235 1.70 2.37 0. 1
75 453 108 1.88 2.03 0.05
100 453 65 2.00 1. 81 0.03
150 453 31 2. 18 1.49 0.02
200 453 17 2. 30 1. 23 0.01
300 453 8 2.48 0.90 0
500 453 5 2.70 0.70 0
1M 453 5 3.00 0.70 0
2 453 5 3.30 0.70 0
4 447 5 3. 60 0.70 0
8 435 4 3.90 0. 60 0
(ii) Temperature = 37°C.
f Hz R
X
C
X
log f log C
63 X
Error
15k 357 5000 1. 18 3.70 2. 8%
18 354 3400 1. 26 3.53 1.8
22 349 2200 1.34 3.34 1.1
31 345 1000 1.49 3.00 0.5
52 344 380 1.72 2. 58 0. 2
75 342 187 1. 88 2. 27 0.09
100 342 111 2.00 2.05 0.06
150 342 59 2. 18 1.77 0.04
200 342 36 2. 30 1.56 0.02
300 339 17 2.48 1. 23 0.01
500 337 9 2.70 0.95 0
1M 337 5 3.00 0.70 0
2 336 5 3.30 0.70 0
4 333 5 3- 60 0.70 0
8 324 4 3.90 0. 60 0
2 2 2* The error term is to C R , expressed as a percentage. 
This applies at low frequencies. At high frequencies, 
error terms on either side of equation 5*6 become 
identical and cancel.
Note: For explanation of symbols, see list ’’Symbols and
Notation”.
- 144 -
Table 5» 2 Frequency characteristics of conductivity cells
using half-strength physiological saline soln. 
Evaluation of electrode effects.
Cell No. 5.
(i) Temperature = 20°C.
f Hz R
X
C
X
log f log Cx Error
4.5k 1359 2200 0. 65 3.34 0. 8%
7 1341 1000 0. 85 3.00 0.4
10 1338 500 1.00 2.70 0. 2
15 1332 249 1.18 2.40 0. 1
20 1330 144 1. 30 2. 17 0.06
30 1330 65 1.48 1. 81 0.03
50 1330 30 1.70 1.48 0.02
75 1330 17 1. 88 1. 23 0.01
100 1330 13 2.00 1.11 0
200 1330 7 2. 30 0.85 0
300 1330 6 2.48 0. 78 0
500 1330 6 2.70 0.78 0
1M 1327 6 3-00 0.78 0
2 1314 6 3.30 0.78 0
4 1289 6 3. 60 0.78 0
8 1215 5 3.90 0.70 0
(ii) Temperature = 37°C.
f Hz RX CX log f log CX Error
6.5k 1015 2200 0. 81 3.34 0. 8%
10 999 1000 1.00 3.00 0.4
14.5 995 500 1. 16 2. 70 0. 2
20 989 275 1. 30 2.44 0. 1
30 988 136 1.48 2. 13 0 . 06
50 987 55 1 . 7 0 1.74 0.03
75 987 28 1.88 1.45 0. 02
100 987 19 2.00 1.28 0. 01
200 987 10 2. 30 1.00 0
300 987 8 2.48 0 . 90 0
500 987 7 2 . 7 0 0 . 85 0
1M 984 7 3-00 0 . 8 5 0
2 974 7 3. 30 0 . 85 0
4 960 7 3 . 6 0 0 . 85 0
8 904 6 3.90 0.78 0
See note at foot of Table 5*1
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Table 5.3 Frequency characteristics of conductivity cell
using plasma. Evaluation of electrode effects.
Cell No. 1.
(i) Temperature = 20°C.
f Hz R
X
C
X
log f log C
X
Error
17k 354 3450 1.23 3.54 1.8%
21 349 2250 1. 32 3.35 1. 1
33 345 1050 1.52 3.02 0. 6
48 342 55 0 1.68 2.74 0.3
60 341 384 1. 78 2. 58 0. 2
100 337 122 2.00 2.09 0.07
200 337 37 2. 30 1.57 0.02
300 337 18 2.48 1. 26 0. 01
500 336 9 2.70 0.95 0
1M 336 7 3.00 0. 85 0
2 336 4 3.30 0. 60 0
5 334 3 3.70 O.48 0
8 329 0 3.90 — 0
(ii) Temperature = 37°C.
f Hz R
X
C
X
log f log C
X
Error
22k 250 3400 1.34 3-53 1.4#
28 247 2200 1.45 3.34 0.9
46 245 1000 1.66 3.00 0.5
70 243 500 1, 85 2.70 0.3
100 243 215 2.00 2.33 0. 1
200 242 62 2. 30 1.79 0.04
300 242 28 2.48 1.45 0.02
500 242 14 2.70 1.15 0.01
1M 242 8 3.00 0.90 0
2 241 5 3. 30 0.70 0
4 236 4 3.70 0.60 0
8 230 0 3.90 - 0
See note at foot of Table 5.1 Sample No. H23*
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Table 5*4 Frequency characteristics of conductivity cells
using blood. Evaluation of electrode effects.
Cell No. 1.
(i) Temperature = 20°C.
f Hz Rs Cs log f log Cs Error
7. 8k 836 3450 0. 89 3.54 2. 0%
10 829 2200 1.00 3.34 1.3
16.5 807 1010 1.22 3.00 0.7
2 5.5 792 530 1.41 2.72 0.5
40 789 240 1. 60 2. 38 0.25
75 780 144 1. 88 2. 16 0
100 767 118 2.00 2.07 0
200 768 82 2. 30 1.91 0
300 763 76 2.48 1.88 0
500 75 0 70 2.70 1.85 0
1M 687 59 3.00 1.77 0
2 600 42 3.30 1. 62 0
3 543 33 3.48 1. 52 0
5 471 20 3.70 1. 30 0
8 434 10 3.90 1. 00 0
(ii) Temperature = 37°C.
f Hz Rs Cs log f log Cs Error
5k 625 10100 0.70 4.00 4.0%
8 593 5000 0.90 3.70 2.2
13 573 2300 1. 11 3.36 1.2
21 563 1070 1. 32 3.03 0. 6
42 554 400 1. 62 2. 60 0.3
75 549 200 1. 88 2. 30 0.25
100 546 160 2.00 2. 20 0
200 546 97 2. 30 1.99 0
300 545 85 2.48 1.93 0
500 540 77 2.70 1. 89 0
1M 516 67 3.00 1. 83 0
2 469 52 3. 30 1.72 0
3 426 40 3.48 1. 60 0
5 371 26 3.70 1.42 0
8 341 12 3.90 1.08 0
See note at foot of Table 5*1 Sample No. HI8.
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Table 5.5 Frequency characteristics of conductivity cells
using blood. Evaluation of electrode effects.
Cell No. 5.
(i) Temperature = 20°C.
f Hz Rs Cs log f log Cs Error
5k 2449 1050 0.70 3.02 0 . 7%
7-5 2433 525 0.87 2. 72 0.4
12. 5 2404 268 1. 10 2.43 0.3
25 2390 104 1.40 2.02 0.15
50 2 375 54 1.70 1.73 0.15
75 2365 42 1. 88 1. 62 0
100 2370 38 2.00 1.58 0
150 2368 36 2. 18 1.57 0
300 2306 34 2.48 1.53 0
500 2241 32 2. 70 1.51 0
800 2120 30 2.90 1.48 0
1M 2026 27 3.00 1.43 0
2 1751 20 3.30 1. 30 0
3 1573 16 3-48 1. 20 0
8 1256 7 3-90 0. 85 0
(ii) Temperature = 37°C.
f Hz Rs Cs log f log Cs Error
6. 5k 1756 1070 0. 81 3.03 0. 6%
10 1746 565 1. 00 2.75 0.4
13 1738 353 1. 11 2.55 0.25
25 1725 155 1.40 2. 19 0. 2
50 1723 70 1.70 1.85 0.15
75 1722 52 1.88 1.72 0.15
100 1717 48 2.00 1.68 0
150 1718 42 2. 18 1. 62 0
300 1684 38 2.48 1.58 0
500 1642 36 2.70 1.56 0
800 1571 33 2.90 1.52 0
1M 15U 30 3.00 1.48 0
2 1336 23 3.30 1. 36 0
3 1212 18 3.48 1. 26 0
8 946 9 3.90 0.95 0
See note at foot of Table 5*1 Sample No. H28.
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Table 5. 6 Electrode polarization resistance.
Cell No. 1.
(i) Temperature = 20°C,
f Hz Rs Cs RP
log f log R 
& P
7. 8k 836 3450 51 0. 89 1.71
10 829 2200 50 1.00 1.70
16.5 807 1010 33 1. 22 1.52
25.5 792 530 20 1.41 1. 30
40 789 240 19 1. 60 1. 28
75 780 144 12 1.88 1. 08
100 76 7 118 — 2.00 _
200 768 82 - 2. 30 -
(ii) Temperature = 37°C.
f Hz Rs Cs RP
log f log R 
& P
5k 625 10100 54 0. 70 1.73
8 593 5000 34 0.90 1.53
13 573 2300 20 1.11 1. 30
21 563 1070 14 1. 32 1. 15
42 554 400 6 1. 62 0. 78
75 549 200 2 1.88 0. 30
100 546 160 — 2.00 —
200 546 97 - 2. 30 -
Sample No. HI8.
Note: Polarization resistance R calculated from:-
P
R = R (1 - t02C 2R 2) - Rp sv s s ' e
where R is taken as the mid-range value of R © s
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Chapter 6.
The impedance of moving and stationary blood measured 
transversly to the flow direction.
Summary
The first results from tests to establish the 
characteristics of blood when moving compared to its 
stationary state, were obtained using a conductivity cell 
in the form of a tube through which blood may flow, 
containing a pair of electrodes embedded in the walls. The 
line joining the centres of the electrodes was at right- 
angles to the flow line. The results from electrodes in this 
configuration form the subject of this chapter.
The main purpose was to determine the changes in 
impedance, in terms of equivalent parallel resistance and 
Capacitance components, which occur when blood velocity changes. 
It was found that the changes attained a maximum value as the 
velocity increased from zero, beyond which any further increase 
in velocity produced no appreciable variation in impedance.
The overall changes from standstill to maximum provided a 
suitable quantity for investigation. This quantity was measured 
as a function of frequency of applied voltage, temperature, 
erythrocyte concentration and bore of cell for a number of 
samples of blood-bank time-expired blood.Xt was shown that the 
% change in impedance was closely approximated by the % change 
in measured resistance.
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A comparison was made between the performance of 
platinum and silver electrodes. In addition to the results 
obtained with fixed, flush electrodes, a cell was constructed 
with electrodes mounted on screws so they could be moved 
inward, towards the cell centre-line. Results obtained with 
this cell are included. v
Some characteristics of blood plasma were obtained for 
comparison. It was found that plasma behaved in a manner 
far nearer to that of saline solution than of whole blood.
A further feature of the impedance change in blood is that 
when motion commences, the change takes place almost 
simultaneously, but if motion ceases suddenly, the change 
occurs over a period of time. This time delay was 
investigated.
- 1.51..-
6.1 Introduction.
The design and construction of conductivity cells suitable 
for the measurement of changes in electrical impedance 
(electrical conductance and polarization) of blood resulting 
from changes in its velocity have already been described in 
Chapter 4* The associated circuitry, covering a frequency range 
from about 10 kHz to 10 MHz has also been described.
A number of samples of blood were tested in the early
stages, resulting from which a number of modifications in 
cell design and in the electrical circuitry were made. These 
early results, which led to the design of a ,!total-immersion,, 
cell, were discarded. The subsequent series of tests, which 
are recorded in this chapter, were performed using total- 
immersion cells (except for those with the cell having 
movable electrodes), and the electrodes were arranged facing 
each other on opposite sides of the inner cell wall. In
this way, the line joining the centres of the electrode pairs
was at right-angles to the flow-line of the blood under test. 
Later results, using cells with other electrode arrangements, 
are described in Chapter 7*
Any investigation into the properties and characteristics 
of biological materials is faced with the problem that these 
properties vary to a greater or lesser extent from sample 
to sample. Furthermore, the number of tests which may be 
performed on any one sample is limited by the onset of 
deterioration, which may be accelerated by the process of 
testing. The requirements of such an investigation are hence 
to obtain information on trends and tendencies, with, if 
possible, an indication of the degree of variation between 
samples.
The problem of deterioration was a constant difficulty 
in these tests, owing to the necessity of using time-expired 
blood-bank specimens. These are normally stored for a maximum 
of three weeks at a temperature of 4°C. before being released, 
but during this time each specimen may have been on standby 
in the theatre on several occasions, sometimes for several 
hours, during which time they may be allowed to take up 
theatre temperature. This treatment, of course, accelerates 
deterioration, and it was found that a number of samples 
had deteriorated prior to testing to a degree that rendered 
them useless. Some samples deteriorated during testing, 
necessitating the abandonment of the test. However, a careful 
process of back-checking of results showed that a specimen in 
good condition would yield consistent results over the period 
of a complete test, usually several hours, -at temperatures 
ranging from room temperature to body temperature, i.e. 37°C. 
It has been shown (McNAMARA et al, 1971) that fibrinogen and 
haematocrit of stored blood appear to remain constant over at 
least the first 17 days, although viscosity appears to 
increase.
In order to obtain an indication of the variation in 
electrical properties from sample to sample, the initial 
tests were repeated on a number of specimens, thus enabling 
a knowledge of the ’’typical performance pattern” to be 
obtained. Subsequent tests were performed on a smaller number 
of samples, comparisons being made by repeating, for each 
test, readings obtained from a previous sample in the majority 
of cases.
The characteristics obtained from these tests are a 
function of a number of variables, which may be placed into 
the following groups:-
(i) Variations from sample to sample.
(ii) Factors inherent in the design and construction of each
individual cell.
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(iii) Conditions under which each test is performed, i.e.
ambient temperature, influence of measuring equipment, 
etc.
The variations from sample to sample have already been 
mentioned. One of the most important factors is erythrocyte 
concentration, and the effect of variation of this factor 
was investigated. A second factor is the condition of the 
blood, which, as has already been pointed out, is rather 
unpredictable, but may be allowed for by using a multiplicity 
of samples.
Effects due to variations in cell design were 
investigated by comparison of cells into which appropriate 
differences were built. The conditions of test included 
frequency, voltage and temperature. At the voltage levels 
used, variation of voltage was found to have no effect. 
Frequency variations were extensively tested, and temperature 
effects were also investigated. Other sources of variation 
or error were allowed for in the multiplicity of samples.
A vital condition for accuracy was that the blood under test 
should be well-mixed. This applied to both temperature mixing 
and uniform erythrocyte distribution. Accuracy of the 
measuring circuitry has been mentioned in Chapter 4*
6.2 The effect of frequency variation.
In this group of tests, a number of samples of blood
were tested in order to establish the degree of variation 
which might be expected in subsequent tests,* and whether 
each sample would conform to a general pattern. The resistance 
and capacitance between electrodes were measured over a
frequency range extending from about 10 kHz to 8 MHz. These
quantities were measured under two conditions. First the 
measurements were made with blood flowing through the 
conductivity cell at a velocity sufficiently high that no 
variations in the measured quantities occured if any small
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variation in velocity was allowed, thus indicating that a 
’’saturation” state had been reached. The motion was then 
stopped, and further measurements were taken after a rest 
period of 60 secs. The reasons for the rest period will be 
discussed in section 6.7* Readings were taken over the 
frequency range at blood temperatures of 20°C and 37°C.
In the first series of tests, the conductivity of the 
blood for each reading was calculated, this being obtained
from,- Conductivity
, ,. .. Cell constant x of k str.
on uc xvi y — Measured resistance phys. saline
at 20°C.
The cell constant was obtained as described in Chapter 4*
The values of conductivity obtained with transverse electrodes 
were not regarded as being highly accurate owing to lack of 
rigidity in the acrylic cell walls. This is seen later in 
Tables 6.9*1 and 6.9*2. The longitudinal arrangement of 
electrodes, results of which may be found in Chapter 1,  
are inherently more stable, and in consequence, values of 
conductivity more reliable. The spread in the conductivity 
characteristics, as a function of frequency, are shown in 
Fig 6.1, together with the spread in the capacitance - 
frequency characteristics.
The percentage changes in resistance and capacitance 
(measured) as the blood changed from the moving (saturation) 
to the stationary state (the resistance - flow value, a R/R ,O
and the capacitance - flow value, a c /C ) were calculated as
percentages. It can readily be shown that the resistance -
flow value is equal to the negative of the conductance - flow
value, a G/G . The latter term will be used here in discussion, s
since it is more appropriate to liquids. The conductance -
flow value is also equal to the average conductivity - flow
value, A  g/g , but this point value may vary over the cross- s
section. The accuracy of these quantities does not depend 
significantly on the stability of the conductivity cell.
Eight typical sets of results are included here, in 
Tables 6.1.1 - 6.1.8. In each case the conductance - flow 
value shows a fairly constant level over the lower frequency 
range (up to about 100 kHz) followed by a ”fall-off” at 
higher frequencies. (See Fig 6.2). Both these features were 
predictable. Rather surprisingly, however, two further 
features appeared, firstly a trend towards a change of sign 
at higher frequencies, and secondly a ’’step” in the fall-off 
from the lower frequency ’’plateau”. It was thought at first 
that this step was merely the result of experimental scatter. 
It soon became apparent, however, that it was occurring in 
most of the samples tested. A further point of interest is 
the reduction in the height of the lower-frequency plateau 
at higher temperatures.
The maximum value of the conductance change at lower 
frequencies approached 6%, with an average value of about 
4%. Samples which were known to be rather old, and thus 
subject to deterioration (haemolysis, etc.) tended towards 
lower values, and it was also found that such samples 
invariably had a higher conductivity. At higher frequencies, 
where the conductance - flow value showed a sign reversal, 
the maxima in the curves exhibited a much more variable 
pattern, ranging from 1% (at 20°C) t o  7% (at 37°C), although 
larger values were found in a later test (see section 6.8). 
The shapes of the curves showed good consistency.
The variation in measured capacitance showed a rapid 
increase with decreasing frequency, this feature being common 
to all electrolytes, and is due to polarization at the 
electrodes becoming more significant at lower frequencies.
A feature not found in normal electrolytes is the point of
inflexion at a frequency in the region of 300 kHz. This is 
discussed in detail in Chapter Sf sections 5-8 and 5*9*
The curves of capacitance - flow change, shown in 
Fig 6.3, were found to have greater maximum values than the 
corresponding conductance - flow curves, although their 
maxima showed a greater variation from sample to sample. In 
addition to the high-frequency ”fall-off”, similar to that 
found in the conductance - flow curves, a characteristic 
fall-off at low frequencies was found. This is caused by the 
swamping effect of electrode polarization capacitance at 
lower frequencies, and indicates that the variation lies, 
as would be expected, in the polarization of the blood and 
not the electrodes. This corresponds to changes in component 
in Fig 5*9 of Chapter 5* These curves also showed 
consistency in shape.
6.3 The influence of the capacity change on the overall
impedance change.
It would appear, from the results discussed in the 
previous section, that the capacitance - flow change offers 
some possibilities as a method of monitoring blood flow, 
since it appears to be so large (up to 25% or more in some 
cases). Unfortunately, it will be seen below that this is not 
the case, and this change has little effect on the overall 
impedance change.
The measured values of resistance, R, and capacitance,
C (suffixes dropped here for convenience) are compounded in 
parallel to give the total impedance as follows:-
Let X = l/toC, the capacitive reactance.
Then Z, the overall impedance, is given by:-
Z = ~ m ___
R + jX
and the modulus of Z is given by
RX
(R2 + X“)|Z| = ' 2 ,'2"1   (6,1)
Differentiating,
X(R + X )2dR - R X(R + X ) 2dR 
dZ = — i ‘ ^ r*--------- L----
(R2 + X2)
+ r(r + x )2ax - x r(r + x )~~2ax ^
(R2 + X2)
Dividing (6.2) by (6.1) gives
dZ X(R2 +■ X2)dR - R2XSR R(R2 + X2)^X - X2R£X
Z RX(R2 + X2) RX(R2 + X2)
= ■ ■ x2 2 .as + - t -r2. m  ...... (6.3)
(R + XZ) R (R + XZ) X
Now X = 1/ojC or XcOC = 1,
Hence
l^X4C + coCaX = 0 or XbC = -  CbX.
And
d C/ C = -ax/x
dZ X2 i>R R2 &C
Hence —7---  x---- 5— .—  —  — x----o~~m —  •••
(R + X2) R (R + XZ) C
Taking values for blood when stationary, then approximately,
This can be put in the form:-
( k )  ■ m ,  - ( a  ...........
Where -*-s component of due resistance
change, and C 4  is the component of ^ due to 
capacitance change.
»
2 2 If ^  Rg , these become
© and (6.7)s/R “s \ s/C * X z ss*> 8 R
These changes have been calculated for the sample of
Table 6.12, where the capacitance - flow value is greater
than normal, and the results are shown in Table 6.2 and
Fig 6.4. It will be seen that the effect of the capacitance
change on the overall impedance change is small, due to the
large value of X compared to R , and little error wills s
result in assuming ^ Z/Z and AR/R to be the sames s
quantity.
The small effect of the capacitance - flow value also 
has a bearing on the scatter in the graph points of this 
characteristic. When measuring a small quantity in the 
presence of a large quantity, a large error and considerable 
scatter is inevitable.
6.4 The effect of temperature on conductivity and the 
conductance - flow value.
The effect of temperature on the conductivity and the 
conductance - flow value is shown in Table 6.3 and Fig 6.5*
It may be seen that the change in conductivity resulting 
from a change in temperature from 20°C. to 37°C. has in one 
case reached as high as 55%• This illustrates the need for 
careful temperature control during testing, where changes 
of resistance of a matter of 4 - 6% or less have been 
measured, as in the previous sections. This is particularly 
important at the higher temperatures, and the need for 
maintaining electrodes at the temperature of the sample makes 
the use of a total-immersion type of cell, as used here, of 
considerable importance if significant errors are to be 
avoided.
Some characteristics of blood plasma.
Perhaps the most significant feature of the tests on 
plasma is not shown in the tables (Table 6.4)* On every 
occasion when such tests were performed, evidence of any 
dependence of conductivity or capacitance on motion of 
plasma has been sought. At no time has any such effect been 
found - excepting a spurious effect of this nature before 
total-immersion cells were used. This confirms that the 
changes with velocity found in blood are dependent on the 
presence of constituents other than plasma. Another 
interesting feature is that plasma behaves in a manner far 
more similar to normal electrolytes (e.g. half-strength 
physiological saline, see Chapter 5>) than it does to blood.
The conductivity characteristic of plasma was found to 
be far less dependent on frequency than was blood, as may 
be seen in Fig 6.6, and is similar to saline solution in this 
respect. The characteristic of measured capacitance is also 
similar to that for saline solution. The point of inflexion, 
present in blood at a frequency of about 300 kHz, is absent 
in plasma, and the negative slope of the plasma characteristic 
is steeper at lower frequencies than that of blood.
Of the two samples results of which are included here, 
the second had the higher conductivity. This latter sample 
was obtained from a blood specimen in which some deterioration 
was thought to have taken place. (See Fig 6.79 second sample.) 
From these results, and from observations on other samples,
*
there appears to be evidence of a link between conductivity 
of plasma and condition of the blood.
The form of the temperature characteristic of the 
conductivity of plasma appears to be very similar to that 
for blood. The higher conductivity of plasma is due to the 
absence of low-conductivity erythrocytes. The characteristics 
of plasma and blood are compared in Fig 6.7*
6.6 The dependence on erythrocyte concentration.
Plasma was taken from two samples of blood of the same 
group and combined. This plasma was then used to dilute the 
concentrated erythrocytes of one of the samples in a step- 
by-step fashion. The effect of this dilution on conductivity, 
and on the conductance - flow and capacitance - flow 
characteristics is shown in Fig 6.8.
In the case of a sample in good condition, a gradual 
reduction in the conductance — flow characteristic was 
obtained with dilution, following an approximately linear 
law. Little evidence was found of any modifying influence 
at high concentration due to the proximity of corpuscles.
A proximity effect appeared to be displayed by the 
capacitance - flow effect, however. The conductance - flow 
value approached a value of about 6% as the curve passed 
through normal concentration.
The second sample showed evidence of deterioration. It 
is not possible to back-check results when performing a 
dilution test, so there is no way of knowing whether further 
deterioration occurred during testing. However, the 
conductance - flow characteristic had a value of about 2% at 
normal concentration, which is reasonable for a deteriorated 
sample. This characteristic behaved in an unexpected manner, 
in that it reached a zero value at just less than normal 
concentration, and then went negative. The capacitance - flow 
characteristic was similar to that for the previous sample, 
but with a smaller proximity effect at high concentration.
The conductivity characteristics were of the same form 
for both samples, but with the sample in poor condition having 
the higher values. This accords with the findings for 
plasma from deteriorated samples.
6.7 Changes in conductivity and capacitance when motion
ceases.
When blood commences to flow, its conductivity (average) 
changes almost instantaneously. When motion ceases, the 
conductivity reverts to the stationary value gradually.
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This is shown in the characteristics of Figs 6.9 and 6.10.
The change on coming to rest follows a roughly exponential 
pattern initially, when the major part of the change occurs, 
then a slow drift follows. In order to obtain a basis for 
comparison of results, it was decided to take a time of 60 secs 
as a reasonable period between cessation of motion and 
recording the stationary value. This procedure was carried 
out for all readings except for those in Chapter 7 where 
percentage change in conductance with flow rate were 
obtained.
The effect of this time delay would be to reduce the 
sensitivity of any device using changes in conductance 
as a means of monitoring blood flow under pulsatile 
conditions. Further, some distortion would be introduced if 
the same device were to be used for recording flow wave shapes. 
It will be seen later that much more encouraging results 
may be obtained using longitudinal electrodes. (See Chapters 
7 and 8).
This concludes the series of tests performed using one 
conductivity cell only, although the possibility of performing 
further tests exists. However, later designs enabled further 
tests to be carried out more satisfactorily. The outstanding 
omission at this stage is of characteristics showing the 
variation of conductance with velocity. These were obtained 
later, using cells with longitudinally disposed electrodes, 
where the sensitivity was found to be much greater. (See 
Chapter 7*) Apart from the effect of erythrocyte concentration, 
which has been shown to have a profound influence on the 
quantities being investigated, the influence of variables in 
blood constitution have not been investigated here, but have 
been included as normal variations from sample to sample.
GOLLAN and NAMON (1970) found that changes in pH, pO^ and pC0£ 
in blood, within the normal physiological range, produced 
no effect.
6.8 The effect of movement of electrodes towards the flow 
c entre-line.
In an attempt to locate the region of the flow-profile 
in which the impedance - flow effect was most significant, 
a cell was constructed in which the electrodes were mounted 
on screws so that they could be moved towards the centre­
line of the flow path. Since the total immersion principle 
was not practical with this cell, results were obtained at a 
temperature of 20°C. only. It was recognised that any results 
achieved using this cell might be limited by interference 
caused by the intrusion of the electrodes into the flow stream, 
nevertheless the results were of far greater interest than 
might have been expected. They are shown in Fig 6.11.
It may be seen that the conductance between electrodes 
increased in an approximately linear manner as the electrodes 
approached the centre-line. This was reasonably predictable.
Any deviations from a smooth curve may be attributed to the 
back-lash in the screws, which were of a non-precision type, 
and to inaccuracy in setting the screws. The conductance - flow 
value showed a very interesting variation. The curve showing 
the value as a function of frequency with the electrodes flush 
with the cell walls was very similar to those found in the 
previous tests using Cell No. 1. As the electrodes were 
moved inward, the conductance - flow value, as measured in 
the lower-frequency range, decreased in an approximately 
linear manner towards zero. In the high-frequency range, 
there was instead an increase, in the negative part of the 
characteristic. The capacitance - flow value remained the same 
as the electrodes were moved, although the capacitance 
increased.
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Considering the lower frequency section of the 
characteristics alone, it appears that there is a component 
cause of the conductance - flow effect located towards the 
outer perimeter, but not only in a thin boundary layer. It is 
in the region towards the outer perimeter that maximum shear, 
causing maximum distortion of the red cells, occurs. It may 
well be that the negative increase in the conductance - flow 
value at high frequencies is caused by some other mechanism, 
not related to shear rate but simply to motion of the blood.
6.9 Comparison between platinum and silver electrodes.
It is well-known that the polarization effect at the 
interface between a metal and an electrolyte is dependent 
upon several factors, one of which is the material of the 
electrode. Platinum produces a smaller surface polarization 
than other materials, but is expensive. It was therefore 
worth considering the use of alternative materials, of which 
silver and stainless steel are the most obvious, since they 
are compatible with blood. Stainless steel has a high 
polarization effect, and its properties depend on its 
composition. Silver has a moderate surface polarization 
effect, so it was decided to compare the use of silver 
electrodes with those of platinum.
Two cells were used, the cell dimensions as well as the 
electrode dimensions being similar, the only major 
difference being in the electrode materials. In both cases 
the electrodes were arranged to be flush with the walls of the 
cells. When calibrating with half-strength physiological 
saline solution, the values of resistance were similar, but 
the silver electrodes had a much greater value of measured 
capacitance, due to surface polarization. On comparing the
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performance of the two cells using the same sample of blood, 
it was found (Fig 6.12) that there was very little 
significant difference, particularly at low frequencies. Any 
differences may be attributed to variations in locating the 
electrodes in the two cells, and also the usual random errors. 
The ionisation of blood is less than that for half-strength 
physiological saline, and this resulted in considerably less 
difference between the two cells in terms of measured 
capacitance than occurred during calibration. It was 
therefore concluded that the use of silver electrodes as a 
substitute for platinum was quite satisfactory, and silver 
electrodes were used in subsequent tests as and when 
convenient.
6.10 The effect of the cell bore on the conductance - flow 
value.
The characteristics discussed so far were all obtained 
using conductivity cells of the same diameter, i.e. 
approximately 5.8 mm. Further cells were now constructed, 
with different bores but using platinum electrodes of the 
same dimensions. The conductance - flow value was obtained 
at two temperatures, for two samples for each of the cells, 
the results being as shown in Fig 6.13* The points on the 
curves are, in each case, the average of readings taken at 
two frequencies, i.e. 50 kHz and 100 kHz.
In each case there was a marked tendency for the 
conductance - flow value to increase with decreasing cell 
diameter. This tendency was found to be even more pronounced 
later when using longitudinal electrodes. (See Chapter 7«)
A feature of the effect of bore size is that the temperature 
dependence of the conductance - flow value also appears to 
vary with the bore. It was found that the decrease in this
value with temperature increase appeared only with bores of 
sizes near those previously used, and at both larger and smaller 
bores this effect is absent.
This test also made it possible to obtain an indication 
of the accuracy with which the conductivity could be 
measured, and it may be seen that, as expected, the values 
of conductivity obtained from the various measurements, 
with stationary blood, showed considerable scatter. This 
is not surprising, since the rigidity of the cell walls 
was obviously insufficient for such measurements to be 
reliable. The main purpose of these cells was not for 
conductivity determinations, but for determining the changes 
in conductivity which take place consequent on changes in 
blood motion.
6.11 Observations on the results recorded in this chapter.
The electrical characteristics of blood, as a current 
carrying medium, were investigated in this chapter by means 
of a pair of electrodes, so placed that the line joining 
their centres was at right-angles to the direction of blood 
flow.
The change in electrical conductance resulting from a 
change in velocity was found to have a maximum value of about 
6% when using time-expired blood-bank blood, flowing 
through tubes of about 5*8 mm diameter. Any device based on 
this effect would be expected to experience a greater change 
in vivo, since blood-bank blood is diluted with anti- 
coagulent.
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This value of percentage change is rather small to be 
immediately attractive as the basis for such a device, 
although the tendency for the change to increase with decreasing 
bore shows possibilities for use with narrow blood vessels, 
a result in direct contradiction to the results of LIEBMAN,
PEARL and BAGNO (1962).
At this stage, the results might have been considered 
not worth pursuing further, but it was decided to investigate 
whether blood in motion had any anisotropic properties, in 
an attempt to obtain information relevant to determining the 
causes of this effect.For this purpose, a cell was 
constructed of similar diameter to that used for the majority 
of the previous tests, (Cell No. 1.) but with the electrodes 
placed one downstream of the other, but still flush with the 
inner walls.
It was anticipated that, if any such properties existed, 
the effect would not be very great. However, on comparing 
the change in conductivity with velocity using the two cells 
and the same sample of blood, the increase in the effect 
using longitudinal electrodes (i.e. one downstream of the 
other) was sufficient to be of major significance.
These increased values of the conductance - flow effect 
will be the subject of the next chapter.
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Fig 6.la Spread of conductivity (stationary) as a
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Table 6.1.1 Frequency characteristics
(Transverse electrodes)
(a) Temperature = 20°C.
f Hz Rm Rs AR *R/Rs m gs
Cm Cs AC AC/Cs
6.8lc 938 972 34 3-5% 3.70 3.58 2250 2250 - -
14 900 938 38 4.1 3.86 3.70 1050 1000 -50 -5%
22 891 926 35 3*8 3.90 3.75 548 515 -33 -6.5
40 881 916 35 3-8 3*94 3.79 240 240 0 0
60 871 909 38 4.2 3.99 3.82 155 160 5 3.0
75 870 908 38 4.2 3.99 3.83 126 132 6 4.5
100 859 901 42 4.7 4.05 3-86 100 110 10 9.0
200 863 900 37 4.1 4.03 3.86 76 86 10 u.5
300 865 893 28 3.1 4.02 3. 89 72 81 9 11.0
1M 767 785 18 2. 3 4-53 4.43 57 62 5 8.0
2 663 661 -2 -0. 3 5.24 5.26 39 41 2 5.0
3 595 589 -6 -1.0 5.84 5.90 30 31 1 3.0
5 514 510 -4 -0.8 6.76 6.81 20 20 0 0
8 461 460 -1 -0. 2 7.54 7 -5 5 10 10 0 0
(b) Temperature = 37°C.
f Hz Rm R1 S
A R <*r /r' s gm gs Cm Cs A C AC/Cs
8.4k 687 707 20 2. 8%> 5.06 4- 92 2250 2200 -50 - 2 .  5%
18.5 662 68 5 23 3-3 5.25 5- 07 1050 1006 -44 -4.5
28 657 679 22 3-2 5.29 5. 12 550 525 -25 -5.0
40 649 674 25 3-7 5.35 5. 16 340 337 -3 -1.0
60 647 675 28 4.2 5.37 5- 15 210 215 5 2. 5
80 639 664 25 3* 8 5.44 5. 23 160 170 10 6. 0
100 634 658 24 3-7 5.48 5- 28 133 145 12 8.5
200 638 661 23 3-5 5-45 5- 26 87 102 15 14. 5
300 633 648 15 2.3 5.49 5. 36 77 92 15 16.5
1M 587 584 -3 -0.5 5.92 5. 95 62 72 10 14.0
3 474 455 -19 -4.2 7.33 7- 64 35 39 4 10.0
5 404 389 -15 -3.9 8.60 8. 93 23 24 1 4.0
8 361 351 -10 -2.9 9.63 9. 90 12 12 0 0
Sample No. H15-
Cell No. 1, Constant 462 Ohms.
Note: For explanation of symbols, see list ’’Symbols and
Notation”.
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Table 6.1.2 Frequency characteristics
(Transverse electrodes)
(a) Temperature = 20°C.
f Hz Rm Rs A R *R/Rs gm gs Cm Cs A C AC/Cs
17.5k 745 778 33 4.2$ 4. 66 4.47 1050 1005 -45 -4 .5%
2 7,5 735 767 32 4.2 4.73 4.53 550 515 -35 -7.0
40 728 762 34 4.5 4-77 4-56 307 307 0 0
60 722 757 35 4. 6 4. 81 4-59 187 192 5 2. 5
100 7 22 750 28 3.7 4. 81 4.63 115 127 12 9.0
200 720 748 28 3.7 4.83 4.65 75 89 14 15. 5
300 715 739 24 3.3 4.86 4.70 68 81 13 16.0
500 696 718 22 3.1 4.99 4. 84 62 73 11 15.0
750 674 683 9 1.3 5.16 5.09 57 66 9 13.5
1M 656 658 2 0.3 5.30 5.28 53 62 9 14.5
2 583 567 -16 -2.8 5.96 6.13 40 42 2 5.0
3 539 526 -13 -2.5 6.45 6.61 3D 31 1 3-0
5 469 461 -8 -1.7 7.41 7.54 18 18 0 0
8 434 431. -3 -0.7 8.01
8.06 10 . 10 i 0 0
(b) Temperature = 37°C.
f Hz Rm Rs AR
AR/Rg gm gs Cm Cs
AC *C/Cs
13.5k 560 577 17 3-0% 6. 21 6. 02 2250 2200 -50 -2. 5%
23 554 567 13 2.3 6. 27 6. 13 1050 1020 -30 -3.0
50 539 554 15 2.7 6. 45 6. 27 350 346 -4 -1.0
60 536 55 2 16 2.9 6.48 6. 30 265 280 15 5. 5
100 530 547 17 3-1 6. 56 6. 35 160 177 17 9.5
225 536 548 12 2. 2 6.48 6. 34 82 100 18 18.5
300 534 541 7 1.3 6. 51 6. 42 73 100 27 27. 0
500 526 525 -1 -0. 2 6. 61 6. 62 67 87 20 23.0
750 516 506 -10 -2.0 6. 73 6. 87 62 78 16 20. 5
1M 503 488 -15 -3.1 6. 91 7. 12 57 72 15 21.0
2 459 441 -18 -4.1 7. 57 7. 88 45 49 4 8.0
3 422 394 -28 -7.1 8. 23 8. 82 35 37 2 5.5
5 373 348 -25 -7*2 9- 32 9. 99 23 23 0 0
8 338 326 -12 -3-7 10. 28 10. 66 12 12 0 0
Sample No. HI6
Cell No. 1, Constant 462 Ohms.
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Table 6.1.3 Frequency characteristics
(Transverse electrodes)
(a) Temperature = 20°C.
f Hz Rm
”
Rs AR AR/Rg gm gs Cm Cs AC AC/CS
Ilk 733 758 25 3. 2% 4.74 4- 58 2250 2250 _
18 717 739 22 3.0 4. 85 4. 70 1050 1050 - -
28 705 725 20 2. 8 4.93 4. 79 550 550 - -
60 690 715 25 3.5 5.04 4. 86 200 200 - -
100 687 712 25 3.5 5.06 4- 88 118 123 5 4 .0^
200 691 717 26 3-6 5.03 4. 85 73 83 10 12.0
300 687 705 18 2. 6 5.06 4. 93 67 76 9 12.0
500 676 691 15 2.2 5.14 5. 03 60 67 7 10.5
750 656 671 15 2.2 5.30 5. 18 56 65 9 14.0
1M 635 643 8 1.2 5.47 5. 40 52 . 58 6 10.5
2 570 570 0 0 6. 10 6. 10 38 42 4 9.5
3 527 516 -11 -2. 1 6.59 5. 73 30 32 2 6.5
5 471 461 -10 -2.2 7.38 7. 54 20 20 0 0
8 430 428 -2 -0.5 8.08 8. 12 11 11 0 0
(b) Temperature = 37°C.
f Hz Rm Rs A R AR/Rs gm gs Cm Cs
AC AC/Cs
13.5k 562 567 5 0 . 9% 6. 18 6. 13 2250 2250 — -
23 552 556 4 0.7 6. 30 6. 25 1050 1050 - -
0%35 539 55 0 11 2.0 6.45 6. 32 550 555 5 1.
60 533 543 10 1.8 6. 52 6. 40 270 285 15 5- 5
100 524 537 13 2.4 6. 63 6. 47 152 171 19 11. 0
200 519 531 12 2. 3 6. 70 6. 54 87 105 18 17. 0
300 509 523 14 2.7 6. 83 6. 64 72 87 15 17. 0
500 505 516 11 2. 1 6. 88 6. 73 65 80 15 18. 5
750 498 509 11 2.2 6. 98 6. 83 59 74 15 20. 0
1M 490 486 -4 -0.8 7. 09 7. 15 56 69 13 19. 0
2 455 438 -17 -3.9 7. 64 7. 93 44 49 5 10. 0
3 418 398 -20 -5.0 8. 31 8. 73 34 38 4 10. 5
5 369 353 -16 -4.5 9. 42 9. 84 23 23 0 0
8 336 325 -11 -3.4 10. 34 10. 69 12 12 0 0
Sample No. HI7
Cell No.l, Constant 462 Ohms.
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Table 6.1.4 Frequency Characteristics
(Transverse electrodes)
(a) Temperature = 20°C.
f Hz Rm Rs AR *R/Rs gm gs cm Cs A C a g /Cs
7.8k 816 836 20 2.4% 4. 26 4. 16 3450 3450 — —
10 803 829 26 3.1 4. 33 4- 19 2250 2200 -50 -2. 5%
16. 5 784 807 23 2.9 4. 43 4. 31 1050 1010 -40 -4.0
25. 5 768 792 24 3.0 4. 52 4. 39 550 530 -20 -4.0
40 77 0 789 19 2.4 4. 51 4. 40 240 240 0 0
75 759 780 21 2.7 4. 58 4- 46 144 144 0 0
100 747 7 67 20 2.6 4. 65 4. 53 115 118 3 2.5
200 748 768 20 2. 6 4- 65 4. 52 77 82 5 6. 0
300 746 763 17 2.3 4. 66 4. 55 69 7 6 7 9.0
500 733 750 17 2.3 4. 74 1. 63 64 . 70 6 8.5
1M 683 687 4 0.6 5- 09 5. 06 54 59 5 8.5
2 605 600 -5 -0.8 5. 74 5. 79 40 42 2 5.0
3 546 543 -3 -0. 6 6. 36 6.40 32 33 1 3.0
5 475 471 -4 -0.8 7. 32 7. 38 20 20 0 0
8 436 434 -2 -0.5 7. 97 1 8. 01 10 10 0 0
(b) Temperature = 37°C.
f Hz Rm Rs A R AR/Rs gm gs Cm Cs AC AG/Cs
5k 625 638 13 2.0% 5. 56 5. 45 10100 10100 _ —
8 593 613 20 3.3 5. 86 5. 67 5000 5000 - -
13 573 589 16 2.7 6.06 5. 90 2300 2300 - -
21 563 578 15 2. 6 6.17 6.01 1070 1070 - -
42 554 569 15 2.6 6.27 6.11 400 400 0 0%
75 549 562 13 2.3 6.33 6.18 200 200 0 0
100 546 560 14 2.5 6.36 6.21 150 160 10 6.5
200 546 557 11 1.9 6.36 6.24 88 97 9 9.5
300 545 555 10 1.8 6. 38 6. 26 76 85 9 10. 5
500 540 55 0 10 1.8 6. 44 6. 32 68 77 9 11.5
1M 516 5 21 5 1.0 6. 73 6. 67 60 67 7 10. 5
2 469 465 -4 -0.9 7. 41 7- 47 47 52 5 9.5
3 426 420 -6 -1.4 8. 16 8. 27 38 40 2 5.0
5 371 364 -7 -1.9 9. 37 9. 55 26 26 0 0
8 341,331 -10 -3.0 10. 19 10. 50 12 12 0 0
Sample No. HI8.
Cell No.l, Constant 462 Ohms.
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Table 6.1.5 Frequency characteristics
(Transverse electrodes)
(a) Temperature = 20°C.
f Hz Rm Rs AR *R/Rs gm gs cm Cs AC AC/Cs
15k 841 884 43 4-9% 4.13 3-93 1050 1000 -50 - 5-0%
23 833 876 43 4-9 4.17 3.97 550 525 -25 -5.0
40 824 866 42 4.8 4. 22 4.01 252 249 -3 -1.0
60 822 864 42 4.8 4.23 4.02 158 150 -8 -5.0
75 819 861 42 4. 8 4.24 4.04 128 132 4 3.0
100 816 852 36 4. 2 4. 26 4.08 104 110 6 5.5
200 809 848 39 4. 6 4.30 4.10 75 83 8 9.5
300 803 847 44 5.2 4-33 4.10 70 81 11 13.5
500 790 830 40 4.8 4.40 4.19 65 76 11 14.5
750 7 63 793 30 3.8 4.55 4.38 62 70 8 11.5
1M 739 757 18 2 4 4.70 4.59 57 65 8 12.5
2 642 640 -2 -0.3 5.41 5.43 43 47 4 8.5
3 570 565 -5 -0.9 6. 10 6. 15 33 35 2 5.5
5 497 493 -4 -0. 8 6.99 7.05 22 22 0 0
8 456 455 -1 -0. 2 7. 62 7.64 13 13 0 0
(b) Temperature = 37°C.
f Hz Rm Rs A R AR/Rs gm gs
Cm Cs AC AC/Cs
13.5k 55 6 575 19 3- 3% 6. 25 6. 04 2300 2300 - -
22 544 562 18 3.2 6. 39 6. 18 1100 1100 . - -
43.5 534 553 19 3.4 6. 51 6. 28 400 400 0 0
60 536 55 6 20 3.6 6. 48 6. 25 248 255 7 2 . 5%
75 531 55 2 21 3.8 6. 54 6. 29 190 200 10 5.0
100 529 548 19 3.5 6. 57 6. 34 142 157 15 9.5
200 527 545 18 3.3 6. 59 6. 38 81 100 19 19.0
300 525 544 19 3.5 6. 62 6. 39 70 86 16 18. 5
500 526 540 14 .2. 6 6. 61 6. 44 63 78 15 19.0
750 522 525 3 0. 6 6. 66 6. 62 59 72 13 18.0
1M 5 U 511 0 0 6. 80 6. 80 55 69 14 20. 0
2 456 452 -4 -0.9 7. 52 7. 69 45 5°, 5 10. 0
3 415 407 -8 -2.0 8. 37 8. 54 35 38 3 8.0
5 371 353 -18 -5.1 9. 37 9. 84 23 23 0 0
8 334 324 -10 -3.1 10. 40 10. 73 12 12 0 0
Sample No. HI9-
Cell No.l. Constant 462 Ohms.
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Table 6.1.6 Frequency characteristics.
(Transverse electrodes)
(a) Temperature = 20°C.
f Hz Rm Rs A R *R/Rs gm gs Cm Cs
A C AC/C ' s
10k 731 761 30 3.9$ 4. 59 4. 41 2300 2300 — —
16.5 716 745 29 3.9 4. 69 4. 50 1100 1100 - -
25 710 744 34 4.6 4. 73 4. 51 577 547 -30 - 5 - 5%
40 703 737 34 4. 6 4. 77 4. 55 295 295 0 0
60 700 734 34 4.6 4. 79 4. 57 177 177 0 0
100 698 732 34 4.7 4- 81 4. 58 105 115 10 8.5
200 694 727 33 4.5 4. 83 4. 61 72 83 11 13-0
300 690 718 28 3.9 4. 86 4- 67 66 76 10 13.0
500 680 703 23 3.3 4. 93 4. 77 61 71 10 14.0
1M 641 649 8 1.2 5. 23 5. 17 52 60 8 13.0
2 575 571 -4 -0.7 5. 83 5. 88 38 43 5 U . 5
4 494 487 -7 -1.5 6. 79 6. 89 24 25 1 4.0
8 442 436 -6 -1.4 7. 59 7. 69 12 12 0 0
(b) Temperature = 37°C.
f Hz Rm Rs A R *R/Rs gm gs
Cm Cs AC AC/C ' s
8k 549 565 16 2. 8% 6. 11 5. 94 5050 5050 — —
13 534 552 18 3.3 6. 28 6. 08 2250 2250 - -
21 525 542 17 3.1 6. 39 6. 19 1050 1050 - -
32 522 540 18 3.3 6. 43 6. 21 550 550 0 0
60 517 535 18 3.4 6. 49 6. 27 232 240 8 3. 5%
100 512 532 20 3.8 6. 55 6. 31 138 152 14 9.0
200 511 529 18 3-4 6. 57 6. 34 76 95 19 20. 0
300 509 523 14 2.7 6. 59 6. 41 68 84 16 19.0
500 503 518 15 2.9 6. 67 6. 48 63 78 15 19.0
1M 480 485 5 1.0 6. 99 6. 92 57 66 9 13.5
2 448 440 -8 -1.8 7- 49 7. 62 42 51 9 17.5
4 391 374 -17 -4.5 8. 58 8. 97 29 31 2 6. 5
8 338 331 -7 -2. 1 9. 93 10. 14 14 14 0 0
Sample No. H20
Cell No. 1. Constant 446 Ohms.
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Table 6.1,7 Frequency characteristics.
(Transverse electrodes)
(a) Temperature = 20°C.
f Hz Rm Rs a R AR/Rg gm gs Cm Cs AC AC/C' s
13k 785 835 50 6.0% 4.27 4.02 1100 1100 _
25 771 822 51 6. 2 4.35 4.08 400 400 - -
40 760 811 51 6.3 4-41 4.14 218 218 - -
60 764 815 51 6.3 4.39 4. 12 133 147 14 9.5$
100 777 827 50 6.0 4-32 4.06 89 105 16 15.0
200 771 819 48 5.9 4.35 4.10 72 88 16 18.0
300 7 67 807 40 5.0 4.37 4. 16 68 - 84 16 19.0
500 751 783 32 4.1 4.47 4. 28 63 79 16 20.0
1M 693 702 9 1-3 4.84 4.78 55 65 10 15.5
2 611 602 -9 1-1.5 5.49 5.57 41 46 5 11.0
4 519 503 -16 1-3.2 6. 46 6. 67 24 25 1 4.0
8 448 [444 -4 -0.9 7.49 7.5 6 12 12 0 0
(b) Temperature = 37°C.
f Hz Rm Rs
AR a r /r  
7 s gm gs Cm Cs AC AC/C s
Ilk 603 631 28 4.4^ 5.56 5.32 2200 2200 — —
17.5 5 87 617 30 4.9 5.72 5.44 1050 1050 - -
27 57 8 607 29 4.8 5. 80 5.53 550 55 0 - -
40 57 6 606 30 4.9 5. 82 5.54 304 310 6 2. 0%
60 573 603 30 5.0 5.85 5.56 185 200 15 7. 5
100 568 598 30 5.0 5.91 5. 61 105 124 19 15.5
200 573 597 24 4.0 5.86 5. 62 74 100 26 26.0
300 569 589 20 3-4 5.90 5.70 69 90 21 23.5
500 559 575 16 2.8 6.00 5.83 66 86 20 23.5
1M 537 538 1 0. 2 6.25 6. 24 60 74 14 19.0
2 481 468 -13 -2. 8 6.98 7.17 47 54 7 13.0
4 413 394 -19 -4. 8 8. 12 8. 52 31 32 1 3.0
8 351 339 -12 -3.5 9.56 9.90 14 14 0 0
Sample No. H21.
Cell No.l. Constant 446 Ohms.
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Table 6.1.8 Frequency characteristics.
(Transverse electrodes)
(a) Temperature = 20°C.
f Hz Rm Rs AR *R/Rs gm gs Cm Cs AC AC/C' s
13.5k 762 802 40 5.0^ 4.40 4.18 1050 1050 — —
28 757 795 38 4.8 4.43 4. 22 371 35 6 -15 -4.0^
40 753 792 39 4.9 4. 46 4.24 220 220 0 0
60 752 790 38 4-8 4.46 4.25 142 142 0 0
100 755 794 39 4.9 4. 44 4.23 88 98 10 10. 0
200 749 786 37 4.7 4.48 4.27 68 79 11 14.0
300 743 771 28 3.6 4.52 4. 35 64 74 10 13. 5
500 730 753 23 3.1 4. 60 4- 46 60 71 11 15.5
1M 679 692 13 1.9 4.94 4.85 52 60 8 13.0
2 600 595 -5 -0.8 5.59 5.64 37 41 4 10. 0
4 502 496 -6 -1.2 6.68 6.76 22 22 0 0
8 455 450 -5 - 1. 1 7-37 7.46 8 8 0 0
(b) Temperature = 37°C.
f Hz Rm Rs a R *R/Rs gm gs Cm Cs AC AC/C ' s
11.5k 572 594 22 3-7% 5.87 5.65 2250 2250 - -
17 558 579 21 3.6 6.01 5.79 1050 1050 . - -
28 557 575 18 3-1 6.02 5. 83 537 537 0 0
40 554 573 19 3-3 6.06 5.86 332 332 0 0
60 549 57 0 21 3.7 6. 11 5.89 200 200 0 0
100 549 569 20 3.5 6.11 5.90 122 132 10 7-5%
200 546 564 18 3.2 6.14 5. 95 73 88 15 17.0
300 546 562 16 2. 8 6.14 5.97 67 82 15 19.0
500 542 554 12 2.2 6.19 6. 06 62 76 14 18.5
1M 515 523 8 1.5 6. 51 6.41 57 69 12 17.5
2 470 460 -10 -2.2 7.14 7.29 44 51 7 13.5
4 398 385 -13 -3.4 8.43 8.71 28 29 1 3.5
8 335 329 -6 -1.8 10.01 10. 20 11 11 0 0
Sample No. H22.
Cell No.l. Constant 446 Ohms.
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Table 6.2 The effect of resitive and capacitive changes
on the overall impedance change.
(a) Temperature = 20°C.
f Hz Rs AR/Rg Cs *C/Cs
Xs Oz/z )' '  s '  r (AZ/ZS)C^z/z' s
17.5k 778 4.2$ 1005 -4 .5% 9050 4.2% 0.03$ 4.2$
2 7.5 767 4. 2 515 -7.0 11300 4.2 0.05 4.3
40 762 4.5 307 0 12900 4-5 0 4.5
60 757 4 . 6 192 2.5 13400 4. 6 -0.01 4 . 6
100 750 3.7 127 9.0 12600 3.7 -0.05 3.6
200 748 3.7 89 15.5 8970 3.7 -0.13 3.6
300 739 3.3 81 16.0 6560 3.3 -0. 18 3.1
500 718 3.1 73 15.0 4370 3.0 -0.24 2. 8
750 683 1.3 66 13.5 3220 1.3 -0. 30 1.0
1M 658 0.3 62 14.5 2570 0.3 -0.42 -0 . 1
2 567 -2.8 42 5.0 1900 -2.7 -0.15 -2.9
3 526 -2.5 31- 3.0 1715 -2.4 -0.09 -2.5
5 461 -1.7 18 0 1770 -1.7 0 -1.7
8 431 -0.7 10 0 1980 -0.7 0 -0.7
(b) Temperature = 37°C.
f Hz Rs *R/Rs Cs *c/cs Xs Oz/z )v ' s r Oz/zs)c-aZ/Z ' s
13.5k 577 3.0$ 2200 -2. 5% 5360 3.0$ 0 .03$ 3.0$
23 567 2.3 1020 -3.0 6590 2.3 0 .0 2 2. 3
50 554 2.7 346 -1.0 9110 2.7 0 2.7
60 552 2.9 280 5.5 10000 2.9 -0 .0 2 2.9
100 547 3.1 177 9.5 9950 3. 1 -0 .0 3 3. 1
225 548 2.2 100 1 8 .0 8620 2.2 -0 .0 7 2. 1
300 541 1.3 100 27.0 7270 1.3 -0 .1 5 1. 1
500 525 -0. 2 87 23.0 4750 -0. 2 -0 .2 8 -0. 5
750 506 -2.0 78 18.0 3420 -2.0 -0 . 39 -2.4
1M 488 -3.1 72 7.0 2790 -3.0 -0 .2 1 -3.2
2 441 -4* 1 49 8.0 1770 -3.8 -0 .5 3 -4. 3
3 394 -7.1 37 5.5 1510 -6.6 -0 . 37 -7.0
5 348 -7.2 23 0 1380 -6.7 0 -6.7
. 8 326 -3.7 12 0 1660 -3.5 0 -3.5
Sample No. HI6.
Cell No.l. Constant 462 Ohms.
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Table 6.3.1 Effect of temperature c h a n g e .
Frequency = 100 kHz.
t°c Rm Rs AR ^ / Rs gm g s Cm Cs AC a C/C ' s
20 719 750 31 4-1 % 4.83 4.63 115 127 12 9.5$
24 667 693 26 3-8 5 .21 5 .01 127 137 10 7.5
28 617 641 24 3-7 5.63 5-42 133 148 15 1 0 .0
32 571 595 24 4-0 6.09 5.84 146 162 16 9 . 0
35 549 568 19 3.3 6.33 6 .1 2 153 173 20 1 1 .5
37 530 547 17 3.1 6. 56 6.35 160 177 17 9 . 5
Sample No. HI6.
Cell No.l. Constant 462 Ohms.
Table 6.3.2
Frequency = 100 kHz.
t°c Rm Rs AR ar/r' s gmm gs cm Cs AC aC/C ' s
20 803 847 44 5. 2% 4.33 4.10 70 81 11 13.5#
23 728 768 40 5.2 4.77 4.52 70 82 12 14.5
26 657 688 31 4.5 5.29 5.05 68 78 10 13.0
30 587 616 29 4.7 5.92 5.64 68 78 10 13.0
34 551 571 20 3.5 6. 31 6.09 70 82 12 14.5
37 525 544 19 3.5 6.62 6.39 70 86 16 18. 5
Sample No. H19*
Cell No.l. Constant 462.
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Table 6.4.1• Frequency and temperature characteristics
of blood plasma.
(a) Frequency characteristic (b) Frequency characteristic
at temperature t = 20OC. at temperature t = 37°C.
f Hz R
X
C
X g
22k 250 3400 13-42
28 247 2200 13.58
46 245 1000 13, 69
70 243 500 13. 81
100 243 215 13. 81
200 242 62 13. 86
300 242 28 13. 86
500 242 • 14 13. 86
1M 242 8 13. 86
2 241 5 13.92
5 236 4 14. 22
8 230 0 14.59
f Hz R
X
C
X g
17k 354 3450 9.48
21 349 2250 9.61
33 345 1050 9.72
48 342 55 0 9.81
60 341 384 9.84
100 337 122 9.96
200 337 37 9.96
300 337 18 9.96
500 336 9 9.99
1M 336 7 9.99
2 336 4 9.99
5 334 3 10.04
8 329 0 10. 20
(c) Temperature characteristic at frequency f = 100 kHz.
t R C gX X
20°C 337 122 9.96
23 318 135 10.55
26 297 155 11. 30
29 283 172 11. 86
32 266 186 12. 61
34.5 254 200 13.21
37 243 215 13. 81
Sample No. H23
Cell No.l. Constant 446 Ohms.
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Table 6.4« 2 Frequency and temperaure characteristics
of blood plasma
(a) Frequency characteristic (b) Frequency characteristic
at temperature t = 20°C. at temperature t = 37°C.
f Hz R
X
C
X S
14k 318 5000 10. 50
23 310 2200 10. 77
37 306 1000 10.92
63 303 400 11.02
100 302 139 11.06
200 302 37 11.06
300 302 17 11.06
500 302 8 11.06
1M 302 5 11.06
2 302 5 11.06
4 298 4 11. 21
8 290 3 U. 52
f Hz R
X
C
X S
19k 230 5000 14.52
31 224 2200 14-91
50 220 1000 15.18
75 218 530 15.32
100 217 237 15.39
200 217 67 15.39
300 217 - 28 15.39
500 217 12 15.39
1M 217 6 15.39
2 217 5 15.39
4 215 4 15.53
8 209 2 15.98
(c) Temperature characteristic at frequency f = 100 kHz.
t R
X
C
X S
20°C 302 139 11.06
23 286 162 11.68
26 267 174 12. 51
29 251 187 13.31
32 236 208 14. 15
34.5 226 228 14.78
37 217 2 37 15.39
Sample No. H23A
Cell No.l. Constant 444 Ohms.
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Table 6. 5. 1 Effect of haematocrit.
Frequency f = 100 kHz, temperature t = 37°C.
Ec Rm Rs R R/Rs gm gs
Cm Cs C c/c' s
0. 9 1364 1664 200 12. 8% 2. 46 2. 02 96 108 12 11.0#
0. 81 1055 1188 133 11.2 3. 18 2. 82 96 108 12 11.0
0. 73 847 934 87 9.3 3*96 3. 59 98 110 12 11.0
0. 66 725 786 61 7.8 4* 63 4. 27 98 110 12 11.0
0. 56 573 611 38 6.2 5. 86 5.49 104 114 10 9.0
0. 47 497 520 23 4.4 6. 75 6. 45 113 121 8 6.5
0. 38 417 430 13 3.0 8. 05 7- 80 124 132 8 6.0
0. 28 360 368 8 2.2 9. 32 9- 12 140 146 6 4.0
0. 20 318 322 4 1.2 10. 55 10. 42 160 164 4 2.5
0. 12 288 289 1 0.3 n. 65 11. 61 173 175 2 1.0
0 243 243 0 0 [ 13.81 13. 81 215 215 0 0
Sample No. H23*
Cell No.1.Constant 446 Ohms.
Table 6. 5» 2 (Deteriorated sample).
Frequency f = 100 kHz, temperature = 37°C.
Ec Rm Rs R R/Rs m Ss
Cm Cs C c/cs
0. 9 777 837 60 7*2# 4. 30 3* 99 100 121 21 17.5#
0. 81 656 694 38 5.5 5. 09 4. 81 107 128 21 16. 5
0. 73 568 587 19 3.2 5. 88 5. 69 112 132 20 15.5
0. 62 480 490 10 2.0 6. 96 6. 82 122 141 19 13.5
0. 53 420 423 3 0.7 7. 95 7. 90 132 149 17 11.5
0. 42 368 364 -4 -1. 1 9- 08 9. 18 145 156 9 6.0
0. 32 321 318 -3 -0.9 10. 40 10. 50 162 173 11 6.5
0. 25 298 297 -1 -0.3 11. 21 11. 25 172 183 11 6.0
0 217 217 0 0 15. 39 15. 39 2 37 2 37 0 0
Sample No. H23A.
Cell No.l. Constant 444 Ohms.
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Table 6.6.1 Changes with time when motion ceases abruptly.
Frequency = 300 kHz.
(a) Temperature = 17*5°C. (b) Temperature = 22.5°C
(ambient)
T secs R
X
AR/Rg g CX
0 750 3-1% 4.63 65
5 759 2. 6 4-58 69
20 765 1.8 4.54 72
30 769 1.3 4-52 72
40 770 1.2 4.51 73
50 773 0. 8 4-50 75
60 775 0.5 4.48 76
70 77 8 0. 1 4.47 76
80 779 0 4.46 77
(c) Temperature = 30°C.
T secs R
X AR/Rx g CX
0 605 3.7# 5.74 69
5 610 2.9 5.70 75
15 615 2. 1 5.65 77
20 618 1.6 5. 62 80
30 620 1.3 5. 60 82
35 622 1.0 5.59 82
45 622 1.0 5.59 83
60 624 0. 6 5.57 84
70 627 0. 2 5.54 85
100 628 0 5.53 86
T secs R
X A R/RS g CX
0 683 4.5^ 5 09 66
5 691 3.4 5- 03 69
10 698 2.4 4- 98 72
20 700 2. 1 4. 96 74
30 703 1.7 4. 94 75
40 704 1.5 4. 94 76
50 708 1.0 4. 91 76
60 710 -0.7 4- 89 79
80 712 0.4 4- 88 79
100 714 0. 1 4. 87 80
120 715 0 4. 86 80
(d) Temperature = 37°C.
T secs R
X AR/RS g CX
0 528 2 . 9% 6. 58 72
5 538 1.1 6. 46 77
20 538 1.1 6. 46 85
30 540 0.7 6. 44 90
40 541 0. 6 6.42 90
50 543 0. 2 6.40 91
60 543 0. 2 6. 40 95
75 543 0. 2 6. 40 95
90 544 0 6. 39 96
Sample No. H10.
Cell No.l. Constant 462 Ohms.
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Table 6.6.2 Changes with time when motion ceases abruptly.
Frequency = 300 kHz
(a) Temperature = 18°C. (b) Temperature = 22.5°C
(ambient)
T secs R
X
^R/Rg g CX
0 767 4.1% 4-53 66
5 773 3-4 4.50 69
15 781 2.4 4.45 72
25 7 87 1.6 4-42 72
35 791 1.1 4.39 73
40 793 0.9 4.38 74
50 795 0. 6 4-37 75
60 795 0. 6 4.37 75
70 800 0 4.34 75
90 800 0 4. 34 75
[c) Temperature = 30°C.
T secs R
X
a r /r' s g CX
0 603 4.3# 5.76 70
5 610 3.2 5.70 74
10 615 2.4 5.65 77
15 618 1.9 5. 62 78
25 622 1.3 5.59 79
35 622 1.3 5.59 80
45 623 1.1 5-58 81
60 62 5 0. 8 5.56 82
75 626 0. 6 5.55 82
90 627 0.5 5.54 83
120 630 0 5.52 84
T secs R
X
AR/Rg g CX
0 698 4. 1% 4.98 68
5 703 3.4 4.97 71
15 710 2.5 4. 89 74
20 712 2.2 4.88 74
30 715 1.8 4.86 74
40 718 1.4 4.84 75
45 719 1.2 4. 83 76
55 723 0.7 4 . 81 76
65 726 0.3 4-79 77
120 728 0 4.77 78
(d) Temperature = 37°C.
T secs R
X
a r /r' s g CX
0 543 3.6# 6.40 70
5 551 2. 1 6. 31 76
15 554 1.6 6. 27 82
25 55 6 1.2 6. 25 86
30 557 1. 1 6. 24 87
45 558 0.9 6. 23 88
60 559 0.7 6. 22 91
75 561 0.4 6. 19 92
90 562 0. 2 6.18 95
120 563 0 6.17 95
Sample No. Hll.
Cell No.l. Constant 462 Ohms.
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Table 6.7»1 Effect of movement of electrodes towards
centre-line of cell.Frequency response.
Temperature = 20°C.
(a) Electrodes flush with wall of cell.
f Hz Rm Rs A R a r /r s cm Cs AC AC/Cs
15k 857 899 42 4.7# 1050 1050 — —
30 842 884 42 4.8 350 350 - -
60 837 879 42 4.8 133 142 9 6.5#
100 835 8 77 42 4.8 81 92 11 12.0
200 835 875 40 4.6 55 -70 15 21.5
300 835 866 31 3.6 50 63 13 20. 5
500 830 859 29 3.4 , 46 57 11 19.5
1M 805 812 7 0.9 38 45 7 15.5
2 731 725 -6 -0.8 28 30 2 6.5
4 651 641 -10 -1.6 17 17 0 0
8 616 616 0 1 0 9 9 0 0
(b) Electrodes advanced lj turns towards centre-line.
f Hz Rm Rs AR a r /r s Cm Cs AC
AC/C ' s
23k 491 504 13 2. 6% 1100 1100 — -
35 486 500 14 2. 8 600 600 - -
60 480 494 14 2. 8 300 310 10 3.0#
100 477 491 14 2.9 162 182 20 11.0
200 475 486 11 2. 8 104 126 22 17. 5
300 472 480 8 1.7 90 112 22 20.0
500 469 476 7 1.5 85 100 15 15.0
1M 442 435 -7 -1.6 68 81 13 16.0
2 400 390 -10 -2. 6 49 52 3 5.5
4 353 341 -12 -3.5 29 28 -1 -3.5
8 332 327 -5 -1.5 13 13 0 0
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(cont.)
Table 6.7.1 (cont.)
(c) Electrodes advanced 3 turns each.
f Hz Rm Rs AR AR/Rs Cm Cs AC AC/C ' s
17k 365 372 7 1.9# 2300 2300 _ _
27 359 366 7 1.9 1100 1100 — —
43 357 364 7 1.9 600 600 — —
58 355 361 6 1.7 390 390 - —
100 354 360 6 1.7 248 280 32 11.5#
200 352 358 6 1.7 132 177 45 25.5
300 349 352 3 0.9 117 154 37 24 - 0
500 344 345 1 0.3 106 138 32 23-0
1M 329 318 -11 -3.5 92 1-06 14 13.0
2 295 283 -12 -4.2 64 71 7 10. 0
4 262 251 -11 -4-4 39 38 -1 -2.5
8 240 236 -4 -1.7 17 16 -1 -6.5
(d) Electrodes advanced 4 \ turns each.
f Hz Rm Rs AR AR/Rs Cm Cs AC A C/C' s
18k 287 287 0 0 3400 3400 — —
41 274 274 0 0 1100 1100 — —
72 269 269 0 0 600 600 — -
100 266 266 0 0 400 400 — —
200 266 264 -2 -0. 8# 205 270 65 24. 0#
300 264 258 -6 -2.3 173 234 61 26.0
500 259 250 -9 -3.6 146 200 54 27.0
1M 244 228 -14 -6.1 117 146 29 20.0
2 22 7 208 -19 -9.1 87 100 13 13.0
4 197 183 -14 -7.7 53 50 -3 -6.0
8 184 176 -8 -4.5 24 23 -1 -4-5
Sample No. H48.
Cell No. 9, movable electrodes.
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Table 6. 7« 2 Effect of movement of electrodes towards
centre-line of cell. Frequency response.
Temperature = 20°C.
(a) Electrodes flush with wall of cell.
f Hz Rm Rs a R AR/Rs Cm Cs AC a C/C' s
21k 706 731 25 3.4# 600 600 _
40 695 724 29 4.0 236 236 0 0
60 686 713 27 3.8 137 142 7 5.0#
100 691 721 30 4.2 87 94 7 7.5
200 690 715 25 3.5 58 65 7 10.5
300 683 703 20 2. 8 50 57 7 12.5
500 668 688 20 2.9 45 52 7 13.5
1M 631 633 2 0.3 39 46 7 15.0
2 588 585 -3 -0.5 31 34 3 9.0
4 553 551 -2 -0.4 19 19 0 0
8
511 511 0 0 8 8 0 0
(b) Electrodes advanced turns towards centre-line.
f Hz Rm Rs aR AR/Rg Cm Cs AC AC/C s
21k 394 406 12 3.0# 1100 1100 _ _
36 390 400 10 2.5 500 500 - -
60 388 399 11 2. 8 272 279 7 2. 5%
100 386 398 12 3.0 160 172 12 7-0
200 377 38 7 10 2. 6 n o 130 20 15.5
300 374 383 9 2.3 100 116 16 14.0
500 370 374 4 1. 1 78 95 17 18.0
1M 361 360 -1 -0.3 69 82 13 16.0
2 339 331 -8 -2.4 52 58 6 10.5
4 296 290 -6 -2. 1 32 32 0 0
8 280 2 77 -3 -1. 1 14 14 0 0
I
(cont.)
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Table 6.7.2 (cont.)
(c) Electrodes advanced 3 turns each.
f Hz Rm Rs
AR/Rs Cm Cs AC/C  ' s
18k 283 289 6 2. 1% 2300 2300 — -
31 278 284 6 2. 1 1000 1000 — -
52 2 75 282 7 2.5 500 500 - -
100 277 284 7 2. 5 238 262 24 9-0$
200 276 283 7 2.5 137 167 30 18.0
300 276 283 7 2.5 117 147 30 20. 5
500 274 277 3 1. 1 105 135 30 22.0
1M 263 258 -5 -1.9 95 112 17 15.0
2 241 233 -8 -3.4 72 79 7 9.0
4 214 209 -5 -2.4 46 45 -1 -2.0
8 198 195 -3 -1.5 19 - '17 -2 -U.5
(d) Electrodes advanced 4 2 turns each.
f Hz Rm Rs ^R -AR/R 7 s cm Cs A C /C  ' s
24k 208 210 2 1.0$ 2400 2400 — —
38 20 5 206 1 0.5 1200 1200 - -
57 202 204 2 1.0 800 800 - -
100 202 204 2 1.0 453 500 47 9-4$
200 198 200 2 1.0 204 259 55 20. 0
300 198 198 0 0 172 220 48 21. 5
500 196 195 -1 -0.5 150 200 50 25-0
1M 189 183 -6 -3.3 128 158 30 19.0
2 179 170 -9 -5.3 104 114 10 9.0
4 157 151 -6 -4.0 66 62 -4 -6.5
8 144 140 -4 -2.9 29 26 -3 -11.5
Sample No. H51-
Cell No. 9* movable electrodes.
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Table 6.7*3 Effect of movement of electrodes towards
centre-line of cell at constant frequency.
Frequency = 100 kHz, temperature = 20°C.
No. of 
turns Rm Rs <AR *R/Rs Gm Gs Cm Cs
AC aC/C 1 s
Flush 835 877 42 4.8% 1. 195 1. 140 81 92 11 12.0#1
2 643 670 27 4.0 1.555 1.490 105 122 17 14.0
1 551 573 22 3. 8 1. 815 1.745 132 148 16 11.0
ii 477 491 14 2.9 2.100 2.035 162 182 20 11.0
2 434 445 11 2.5 2. 300 2. 245 172 200 28 14.0
2 2 397 405 8 2.0 2.515 2.465 218 248 30 12.0
3 354 360 6 1.7 2. 820 2.775 248 280 32 11.5
3i 337 341 4 1.2 2.965 2.930 252 292 40 13.5
4 290 291 1 0.3 3-445 3.430 300 345 45 13-0
4i 266 266 0 0 3.760 3.760 400 400 0 0
Note: Units of G and Gm s
- milliSiemens.
Sample No. H48.
Cell No. 99 movable electrodes
Table 6.7.4 Repeat of previous table.
Frequency = 100 kHz, temperature = 20°C.
No. of 
turns
Rm Rs ^R
a r /r
s Gm
Gs Cm Cs
aC/C ' s
Flush 691 721 30 4.2# 1.445 1. 385 87 94 7 7.5#1
2 533 554 21 3.8 1.875 1. 805 112 122 10 8.0
1 448 465 17 3.6 2. 230 2. 150 132 146 14 9.5
I2 386 398 12 3.0 2.590 2. 515 160 172 12 7.0
2 346 356 10 2. 8 2. 890 2. 810 167 187 20 10.5
2i 312 321 9 2.8 3.205 3. 115 200 220 20 9.0
3 277 284 7 2.5 3. 610 3.520 238 262 24 9.0
3i 253 258 5 1.9 3.960 3.875 266 300 34 11.3
4 227 230 3 1.3 4.405 4.350 315 361 46 12. 5
4i 202 204 2 1.0 4.950 4.900 453 500 47 9-4
5 174 175 1 0.6 5.745 5.715 500 600 - -
5i 141 141 0 0 7.090 7.090 600 700 — —
Sample No. H51.
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Table 6.8 Comparison of platinum and silver electrodes
(a) Calibration at 20°C, 200 kHz (J str. phys. saline soln.)
(i) Cell 1. Platinum electrodes, bore 5*8 mm
Constants - R = 454 ohms, C = 47 pF.
(ii)Cell 4* Silver electrodes, bore = 5*75 mm
Constants - R = 519 ohms, C = 155 pF.
(Both cells - transverse electrodes.)
(b) Blood sample at 20°C.
(i) Cell 1. Platinum electrodes.
f Hz Rm Rs a R ar/r ' s gmm gs Cm Cs A C AC/Cs
12k 680 698 18 2. 6% 5. 02 4. 89 2250 2250 — —
20 670 687 17 2.5 5. 10 4. 97 1050 1050 - -
30 664 682 18 2.6 5. 14 5. 01 550 5-50 0 0
40 657 676 19 2. 8 5. 20 5. 05 360 360 0 0
60 652 670 18 2.7 5. 24 5. 10 200 214 14 6. 5%
100 652 670 18 2.7 5. 24 5- 10 108 115 7 6.0
200 645 660 15 2.3 5. 29 5. 17 70 79 9 11.5
300 638 653 15 2.3 5. 35 5. 23 65 73 8 11.0
500 630 640 10 1.6 5.42 5. 34 58 67 9 13.5
1M 597 597 0 0 5. 72 5. 72 48 54 6 11.0
2 545 539 -6 -1.1 6. 27 6. 34 35 38 3 8.0
3 503 496 -7 -1.4 6. 79 6. 89 28 28 0 0
5 456 451 -1. 1 7- 49 7. 57 17 17 0 0
8 420 417 -3 -0.7 8. 13 8. 19 10 10 0 0
(ii) Cell 4. Silver electrodes.
f Hz Rm Rs AR
AR/Rg gmm gs Cm Cs AC *C/CS
15k 794 816 22 2.7% 4. 92 4. 78 2250 2250 — —
23 764 783 19 2.4 5. 12 4. 99 1050 1050 - -
33 752 771 19 2.5 5. 19 5. 06 55 0 55 0 -18 -3. 5%
43.5 741 762 21 2. 8 5. 27 5. 12 350 342 -8 -2. 5
60 737 757 20 2. 6 5. 30 5. 16 213 215 2 1.0
100 738 758 20 2. 6 5. 29 5. 15 104 110 6 5.5
200 730 746 16 2. 1 5. 35 5- 23 66 74 8 11.0
300 723 737 14 1.9 5. 40 5. 30 54 65 11 17. 0
500 713 718 5 0.7 5. 48 5. 44 48 57 9 16.0
1M 683 679 -4 -0. 6 5. 72 5. 75 42 48 6 12.5
2 615 603 -12 -2.0 6. 35 6. 47 30 33 3 9.0
3 561 554 -7 -1.3 6. 96 7. 05 24 24 0 0
5 511 504 -7 -1.4 7. 64 7. 75 15 15 0 0
8 475 469 -6 -1.3 8. 22 8. 32 8 8 0 0
Sample No. H24*
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Table 6.9*1 Effect of change of bore of conductivity cells.
(a) Temperature = 20°C.
Cell No. Bore f Hz Rm Rs AR aR/R ' s gm gs
6 2.8 50k 814 869 55 6.3$ 4. 36 4.05
(mm) 100 814 870 56 6. 4 4.36 4.05
1 5.8 50 779 824 45 5.4 4.38 4- 14
100 769 813 44 5.4 4-44 4- 20
2 9.8 50 916 960 44 4. 6 4.07 3.88
100 909 953 44 4. 6 4.10 3.91
3 16. 3 50 976 1013 37 3.7 4.24 4.08
100 977 1013 36 3.6 4.24 4. 08
(b) Temperature = 37 °C.
Cell No. Bore f Hz Rm Rs
AR AR/RS m gs .
6 2. 8 50 611 653 42 6.4% 5.76 5.39
(mm) 100 606 646 40 6. 2 5.81 5.45
1 5.8 50 589 620 31 4.9 5. 80 5.51
100 578 608 30 4.9 5.91 5- 62
2 9.8 50 638 667 29 4.4 5. 84 5.58
100 630 660 30 4 . 6 5.91 5.64
3 16. 3 50 762 793 31 3-9 5.43 5. 22
100 751 781 30 3.8 5-51 5.30
Cell Constants:- No. 6 - 468 Ohms. Sample No. H25»
No. 1 - 454 
No. 2 - 495 
no. 3 - 550
- 212 -
Table 6.9. 2 Effect; of change of bore of conductivity cell.
(a) Temperature = 20°C.
Cell No. Bore f Hz Rm Rs AR ^ / Rs gm gs
6 2. 8 50k 813 867 54 6.5% 4.33 4.06
(mm) 100 806 860 54 6.6 4.37 4.09
1 5.8 50 762 810 48 5.9 4.48 4. 22
100 753 798 45 5.6 4.54 4. 28
2 9.8 50 832 868 36 4.2 4-48 4. 29
100 826 859 33 3.9 4.51 4.34
3 16.3 50 969 1001 32 3.2 4.27 4. 13
100 965 998 33 3.‘3 4.29 4. 13
(b) Temperature = 37°C.
Cell No. Bore f Hz Rm Rs
AR *R/Rs gm gs
6 2.8 50k 593 635 42 6. 6% 5.94 5.54
100 588 632 44 7.0 5-99 5.57
1 5.8 50 558 583 25 4.3 6. 12 5.86
100 548 573 25 4-4 6. 23 5.96
2 9.8 50 611 634 23 3.6 6.09 5.87
100 607 631 24 3.8 6. 14 5.90
3 16. 3 50 719 745 26 3.5 5.76 5.55
100 712 736 24 3.3 5.81 5. 62
Cell Constants:- No. 6 - 468 ohms Sample No. H26
No. 1 - 454 ohms
No. 2 - 495 ohms
No, 3 - 550 ohms
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Chapter 7.
The impedance of moving and stationary blood measured 
longitudinally to the direction of flow.
Summary
Investigations into the conductance - flow effect as 
measured between two electrodes continued with tests in 
which the electrodes were arranged longitudinally, i.e. 
with one downstream of the other. It was found that under 
these conditions the magnitude of the effect was increased 
considerably. The way in which this increase was introduced 
as the electrode axis was gradually brought into line with 
the direction of flow was investigated. The use of wire 
electrodes, crossing the flow stream along a diameter of 
the conductivity cell, was found to give a further increase 
in the conductance - flow value. This value was also found 
to increase to a marked extent with decreases in the 
conductivity cell bore. The capacitance - flow effect was 
found to be much reduced when measuring with longitudinal 
electrodes.
*
The variation of conductance with time, as the 
conductance reverted to its stationary value after an 
abrupt cessation of motion of the blood was also studied, 
and it was found that when using longitudinal electrodes 
the conductance returned to within a few percent of its 
stationary value almost immediately, unlike the form of the 
change found previously with transverse electrodes, where 
a slow reversion occurred.
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The use of longitudinal electrodes made it possible to 
obtain characteristics of conductance change as a function 
of flow rate. These characteristics had proved difficult to 
obtain when using transverse electrodes because of the much 
smaller values of the conductance changes experienced with 
this latter configuration.
From the results of this and the previous chapters, 
certain inferences were drawn concerning the conflicting 
theories currently held purporting to explain the mechanism 
of the impedance - flow effect.
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7«1 Introduction.
The results presented in the previous chapter were 
obtained using conductivity cells in which the electrodes 
faced each other transversly across the line of flow. These 
results were of interest in that blood is unique in 
exhibiting changes in impedance resulting from changes in 
motion, but the magnitude of these changes was rather small 
for advantage to be taken of this effect for the purpose 
of clinical measurements. Furthermore, the rather slow 
recovery of the impedance to its stationary value after an 
abrupt cessation of flow would lead to considerable 
distortion and loss of sensitivity in any attempt to 
monitor flow waveforms based on this effect.
At this stage it was decided to discover whether blood 
in motion displayed anisotropic properties affecting its 
conductivity. The photo-micrographs of SCHMID-SCHDNBEIN and 
WELLS (1969b), in which it is seen that erythrocytes become 
elongated in the direction of motion of the blood under 
shearing conditions, indicate that such a possibility might 
exist. Indeed, such an effect was mentioned by SIGMAN et al 
in 1937, but it appeared to be small, and has received no 
attention since. The results described in this chapter will 
show that the conductivity of blood in motion has 
considerable anisotropic properties, and conductivity changes 
resulting from changes in motion show a greatly increased 
value when measured in the direction of flow. Further, the 
recovery to the stationary value after an abrupt cessation 
of motion was found to be far more rapid, in terms of % 
change, and in addition the tendency for these changes to 
increase with decrease in bore of the conductivity cell was 
more pronounced.
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The possibilities of using the conductance change for 
purposes of clinical measurement have thus become far more 
promising. The enhanced values of conductance change in the 
direction of motion also have a bearing on the mechanism of 
this effect. This will be discussed with the relevent results 
in this chapter, and again in Chapter 9*
7•2 A comparison of conductance - flow changes in cells 
having transverse and longitudinal electrodes.
As previously, the changes in conductance were measured 
in terms of % change in measured resistance compared to the 
stationary value, ^R/R , this being numerically equal to the
S
% conductance change.
A pair of conductivity cells of equal bore were used 
for this test. In one cell the electrodes were arranged 
transversly, while in the other the electrodes were 
situated one downstream of the other, i.e. longitudinally.
All electrodes were as far as possible flush with the cell 
walls. As previously, readings were obtained over a frequency 
range extending from about 10 kHz to 8 MHz. Complete results 
from one sample are shown in Table 7*1.1. The differences 
in the conductance changes at a temperature of 20°C were 
not unduly significant, but when the blood was warmed to 
normal body temperature, 37°C, the changes measured 
longitudinally rose to nearly double those measured trans­
versly over the frequency range up to about 1 MHz. Above this 
frequency, the usual reversal of sign of the conductance 
change experienced with transverse electrodes did not occur 
with longitudinal electrodes. Further tests are summarized 
in Table 7.1*2, where it may be seen that in each case the
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conductance - flow value was considerably greater when 
measured in the longitudinal direction, particularly at 
body temperature, 37°C, where maximum sensitivity is most 
important when considering the possibility of clinical 
applications. The characteristics of Fig 7*1 give a typical 
example of the increased conductance - flow value in the 
longitudinal direction.
The section of Table 7*1*1 referring to results at 37°C 
includes values of resistivity as well as conductivity.
These have been included at this point in order to allow 
a comparison with published values of the resistivity of 
blood. The rather few published values are usually about 
150 ohm-cm, which is close to the values found here. It is 
rather odd that resistivity values and not conductivity 
values have usually been published, despite the normal 
practice of quoting conductivities for other electrolytes.
The capacitance - flow changes were found to be 
considerably reduced when measured in the longitudinal 
direction (see Fig 7 - 2 ) . The contribution of this change 
to the total impedance change was shown to be of minor 
importance in section 6.2, so reduction of this change has 
little significant effect on the increase of overall 
impedance change. In fact this reduction can be advantageous 
when using bridge techniques, since it is much easier to 
obtain a rapid balance when only one major variable is 
involved.
The values of measured, i.e. equivalent parallel 
capacitance were also reduced (see Fig 7*3 for stationary 
blood), but this is attributable to the greater spacing 
between electrodes in the longitudinal configuration.
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The effective capacitance is mainly due to electrode
polarization, which is in series with the electrolyte
impedance. Increased spacing increases this impedance,
while the electrode polarization may be assumed to remain
constant at any one frequency. A study of equation 5*10
in Chapter 5 shows that under these conditions the measured
capacitance is proportional to l/R , and approximately 
2to */Re where R^ is the electrolyte resistance. The 
measured capacitance will thus be reduced.
7.3 The effect of variation of the angular disposition 
of the electrodes.
A multi-electrode cell was constructed containing four 
electrodes situated such that a variety of angles between 
the electrode axis ( the line joining their centres) and 
the flow stream was available. By means of measurements 
from this cell it was possible to investigate the way in 
which the conductance - flow value increased as the angle 
varied from 90° to the flow line (transverse) to zero 
(longitudinal). The results are shown in Figs 7*5 and 7*6, 
and the electrode arrangement and resulting current flow 
lines are sketched in Figs 5*8(e) and 7*4*
It has been suggested that the conductance - flow 
effect may be associated with the migration of erythrocytes 
towards the vessel centre-line in flowing blood, leaving a 
layer of plasma or cell-starved blood at the boundary. Such 
a layer would have an increased conductivity. This theory 
is currently held by some workers (GEDDES, 1973)• This effect ' 
is often termed ”plasma-skimming. It could be argued.that 
this mechanism is responsible for the increased change found
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with longitudinally arranged electrodes, both electrodes 
being on the same side of the blood stream. It would then 
be reasonable to expect little variation in the conductance - 
flow effect as the angle between the electrode axis and the 
flow axis decreased from 90°, as long as the electrodes 
remained on opposite sides of the flow stream. As soon as 
the electrodes chosen for measurement were situated on the 
same side of the flow stream, due to the geometry of the 
arrangement, a large increase in the value of the change 
would be expected. On the other hand, if some other mechanism 
not associated specifically with the boundary were 
responsible, a more gradual increase would be expected.
The results illustrated in Figs 7*5 and 7*6 show that 
in every case a gradual increase in the conductance - flow 
value was observed as the angle between the electrode axis 
and the flow axis was reduced, and there was no sharp increase 
as a result of measuring between electrodes situated on the 
same side of the flow stream.
7.4 Results obtained with wire electrodes.
Sketches of current distribution for various electrode 
configurations are shown in Fig 7*4* (b) to (e). It may be 
seen that, whatever the configuration, the effective impedance 
depends on both transverse and longitudinal components of 
conductivity to a greater or lesser extent, the proportion 
of each component depending on the configuration. Note that 
these sketches ignore any nplasma-skimmingn effects.
In an attempt to optimise the conductance - flow value, 
a series of tests was performed using a cell in which the
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electrodes were constructed of silver wire crossing the flow 
stream along a cell diameter. Any effect due to plasma-skimming 
would be minimised by such an arrangement, since only a small 
proportion of the surface area of the electrodes is situated 
within the boundary layer, while any effects depending on 
the longitudinal component of conductivity would be increased, 
as may be inferred from Fig 7*4 (e), where it may be seen 
that these electrodes cause the current flow lines to become 
parallel to the flow axis to the maximum extent. Tests were 
carried out with electrodes of various separations, since if 
the increased value expected was due to the increased 
proportion of longitudinal conductivity component, then the 
conductance - flow value would tend to increase with increased 
electrode separation, due to the decreasing influence of 
curvature of current flow lines at the electrodes.
The results obtained are illustrated in Figs 7*7a and b.
It is seen that this electrode form caused a further increase 
in the conductance - flow value, and also a significant 
increase was obtained with increasing separation. These 
results again indicate that plasma skimming does not
i
contribute significantly to the conductance - flow effect.
It must not be assumed that these results show that plasma- 
skimming, or axial accumulation, does not exist, but simply 
that it is not important electrically.
A major disadvantage of wire electrodes is that they 
are very prone to thrombus formation, which precludes their 
use for clinical purposes. Thrombus formation was found to be 
troublesome during this series of tests, and it was necessary 
to clean the electrodes at frequent intervals. An indication 
of thrombus formation was obtained when the conductance - flow 
value suffered a sharp drop.
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7- 5 Effect of variation of bore of conductivity cells.
As in the tests on transverse electrodes, comparisons 
between cells of differing bores were made. A factor which 
may modify results obtained from longitudinal electrodes 
is the influence of electrode, spacing. This did not arise 
previously since spacing was determined by the cell diameter, 
the electrodes being flush with the cell walls. For a strict 
comparison of the effect of bore variation, the ratio of 
cell diameter to electrode spacing should be constant.
However, if the ratio is small, variations in this ratio 
will have little effect. It was not practical to keep the 
ratio either constant or small in the case of the larger 
diameter cells, but results from these cells are of lesser 
importance compared to the small diameter cells, so errors 
introduced in the case of these larger diameter cells are 
tolerable.
A further factor is the influence of electrode diameter. 
It would be desirable to keep the ratio of electrode 
diameter to cell diameter constant for the purposes of this 
test, but if the ratio of cell diameter to electrode spacing 
was sufficiently small, the modifying influence of electrode 
diameter would be small.
The results illustrated in Figs 7*8 and 7*9 show that 
the conductance - flow value increased quite markedly as 
the cell bore decreased, at a rate in excess of that found 
with transverse electrodes (see Fig 6.13)* At first sight, it 
may appear that this dependency on diameter may introduce 
considerable complications in any attempt to apply the 
conductance - flow effect to clinical uses. However, it will 
be shown in the next chapter that any device based on this 
effect can include the facility of measurement of the internal
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cross-section of the vessel. This would then introduce a 
very important advantage to the use of impedance measuring 
techniques, since no method of measuring the internal cross- 
section of blood vessels with reasonable accuracy is at 
present in use. Once the cross-sectional area, or the average 
diameter is known, it is a simple matter to use it as a 
modifying factor in flow calculations.
One feature of interest is that the wider bore cells 
exhibited the reversed sign effect at higher frequencies, as 
was found with transverse electrode cells. This was not 
present in the narrower bore longitudinal electrode cells.
This was probably an indication that the ratio of cell 
diameter to electrode spacing was becoming too large.
The conductivities under stationary and moving conditions 
were calculated, and it was found that the spread of the 
stationary values, from cell to cell but for the same sample, 
is less than that found for the transverse electrode cells, 
due to their more stable geometry. Although the spread is 
significant, it is small enough to suggest, as would be 
expected, that it is the conductance of moving blood which 
displays variations according to cell and electrode geometry.
Table 7*5 gives a summary of results obtained with cells 
of very small bore, down to 1.6 mm internal diameter. A 
tendency similar to that previously found is shown here. Due 
to the very small bore it was necessary to use electrodes 
of smaller diameter, and it can be seen that this reduced 
diameter may have some influence on the results.
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7.6 Changes with time when motion ceases abruptly.
For these tests a cell of narrow diameter, 2.8 mm, was 
used, in order that conductance changes should be as large 
as possible. The procedure was the same as that for transverse 
electrode cells.
It was found that, unlike the test results obtained with 
transverse electrode cells, the reversion of the conductance 
to its stationary value occurred in two distinct phases.
Firstly there was a rapid change of conductance from the 
moving value to within a few percent of the stationary value. 
Secondly there followed a phase with a much slower rate of 
change, lasting over a much longer time.(See Figs 7*10 
and 7*11)*
It is difficult to determine how steep the first part 
of the characteristics might be, since obviously the moving 
blood cannot be assumed to stop instantaneously. This part of 
the change in conductance could follow changes in blood flow 
rate very closely. These characteristics differ quite markedly 
from those obtained using transverse electrodes in this first 
phase, and have the important advantage that much less dis­
tortion would be introduced, compared to methods using 
transverse electrodes, in any attempt to apply the change to 
clinical monitoring of flow waveforms.
A feature of these characteristics is the similarity of 
the second phase (after, say, 10 secs) to those found with 
transverse electrode cells, with the important difference 
that the second phase has now become a very much less sig­
nificant part of the total change. To investigate this similar­
ity further, tests of a similar nature were carried out using
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the multi-electrode cell described in section 7-3* so that 
a direct comparison might be obtained between the two 
configurations with exactly the same bore, and within a very 
short time interval, so that conditions of test should be 
as nearly identical as possible. The results are shown in 
Figs 7-12a and b, where it may be seen that the similarity 
of the characteristics after the initial phase becomes close 
enough to be considered the same within the limits of 
experimental error, etc.
This may be an indication that the conductance - flow 
change is a function of more than one mechanism, one of 
which causes a quick-acting change and is anisotropic in 
nature, having its maximum effect in the direction of flow, 
and the other has a time lag and appears to be independent 
of the relative directions of the flow and electrode axes. 
This topic will be further discussed in Chapter 9*
i l l  The variation of conductance with flow rate.
A constant difficulty associated with non-Newtonian 
liquids is the uncertainty in the relationship between 
flow rate and velocity at any point. Fortunately it is not 
necessary to distinguish between mass- and volume-flow rates. 
It must be assumed that the term ,rvelocity,? in this context 
is taken to imply average velocity, except when used in 
connection with velocity profile. Average velocity bears a 
fixed relationship to flow for a given vessel. While it is 
reasonable to suppose that variation in conductivity at a 
point may be dependent on velocity (or possibly shear rate) 
at that point, it is much more convenient to measure the 
relationship between change in overall conductance as a 
function of flow rate for a given vessel.
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The results discussed in this section were obtained by 
allowing blood to flow through the conductivity cell at a 
controlled rate into a measuring cylinder. Since a closed 
loop was no longer in use, very careful mixing of the blood 
and very careful temperature control were essential. It was 
possible to obtain characteristics at ambient temperature 
only (20°C was the temperature used, slightly below room 
temperature). It is reasonable to expect that characteristics 
at body temperature would not differ in general form to any 
appreciable extent. Despite the precautions, the degree of 
scatter in the readings required a somewhat larger number 
of points for each characteristic than hitherto.
Because of the much smaller changes in conductance 
obtained with transverse electrode cells, results for cells 
with longitudinal electrodes only are included here, although 
attempts were made using transverse electrode cells. Curves 
showing percentage change in conductance, as a function of 
flow rate, for cells of two different diameters, are shown in 
Figs 7*13 and 7-14* The shapes of the curves show some 
variation from sample to sample. This may be partly due to 
experimental difficulties, added to which the degree of ageing 
of each sample may have had some effect. The important feature 
is the large change in conductance at low flow rates, giving 
a great sensitivity at these low flows in any monitoring 
device using conductance change, a region where other methods 
of monitoring flow suffer from poor sensitivity.
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7.1 Comments on results obtained with longitudinal 
electrodes.
The most interesting feature of the results discussed 
in this chapter is the greatly increased value of the 
conductance - flow effect found with longitudinal electrodes.
Xn narrow conductivity cells this was found to reach values 
around 16% in some cases. Bearing in mind the dilution of 
blood-bank samples with anti-coagulent, and also that these 
time-expired samples may have deteriorated to some extent, 
even higher' values might be expected with fresh blood, for 
example in clinical monitoring.
The capacitance - flow effect was found to have diminished 
but it was shown in the previous chapter that this makes a 
negligible contribution to the impedance - flow value, which 
is almost the same numerically as the conductance - flow 
value.
In addition to the increased conductance - flow value, 
the "relaxation” characteristic was found to be very different 
from that previously obtained with transverse electrodes. When 
blood came to rest abruptly, the conductance reverted to within 
a few percent of its stationary value without any apparent 
delay, and this would have important advantages for clinical 
use.
It was shown, when using wire electrodes, that the 
electrode configuration should be such that the electric current 
flow lines are as far as possible parallel to the blood flow 
line, but the extent to which this can be arranged in a
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practical device is limited by the necessity for avoidance 
of projecting electrodes which would encourage thrombus 
formation. These wire electrodes also provided useful 
evidence on the mechanism of the conductivity - flow change, 
in that they gave a strong indication that the effect was not 
concentrated at the periphery, as would be expected if it was 
caused by axial accumulation, but was increased due to the 
current flow lines becoming more parallel to the flow axis, as 
would be expected if distortion of erythrocytes in the direction 
of flow was the responsible mechanism.
It has now become apparent that the conductance - flow 
effect can present values of considerable magnitude. Such 
an effect warrants further investigation into the possibilities 
of use in clinical monitoring. Devices based on this effect 
will be discussed in the next chapter.
- 228 -
% Change
A R / R g
% Change
22>R/R ' s
Fig 7.1
Cells 4,5.
Table 7-1.1
20°C.
4-
Trans.
ifarj--
100.01
Frequency - MHz.2 -
Cells 4,5. 
Table 7.X 1
37°C.
Longit v
Trans.
100.01
Frequency - MHz.-2
-4-
Comparison of cells with longitudinal and transverse 
electrodes. The conductance - flow change.
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Comparison of cells with longitudinal and transverse 
electrodes. The capacitance - flow change.
- 230 -
Cells 4,5. 
Table 7 . 1 . 1
20 C.
300
Capacitance Trans.
Longit.
200
100
0.01 0. 1 101
Frequency - MHz.
500-
Cells 4,5.
Table 7.1.1
400-
Capacitance
Trans.
300-
200 -
100 -
0.01 0.1 1 10 
Frequency - MHz.
Fig 7.3 Comparison of cells with longitudinal and transverse 
electrodes. Variation of capacitance of stationary 
blood as a function of frequency.
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Fig 7*4 Effect of the angular disposition of the electrodes.
(a) Arrangement of electrodes in Cell 8.
(b) - (e) Sketches showing current flow lines for 
various electrode arrangements.
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Fig 7.5b Frequency characteristics of conductance - flow
effect for various angular dispositions of
electrodes. For electrode arrangement see Fig 7*4a*
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Fig 7•5 The conductance - flow effect as a function of the 
angle between the electrode axis and the flow line.
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The conductance - flow effect measured with wire 
electrodes of various separations, with a cell 
having transverse electrodes for comparison. 
Separations are measured along the line of flow.
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Fig 7* 8a Frequency characteristics of the conductance - flow 
effect measured with cells of various bores, and 
longitudinal electrodes.
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Fig 7.1lb Change of conductivity with time at various
temperatures, after an abrupt cessation of motion.
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of flow. Tube diameter 2.8 mm, longitudinal 
electrodes.
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Table 7.1.1 Comparison of cells with transverse and
longitudinal electrodes.
(a) Temperature = 20°C.
Cell 4. (transverse electrodes).
f Hz Rm Rs A R ZSR/Rs cm cs AC AC/Cs
25k 889 943 54 5.1% 380 355 -25 -7.0%
50 879 934 55 5.9 148 148 0 0
75 873 928 55 5-9 104 104 0 0
100 878 933 55 5.9 83 91 8 9.0
150 883 935 52 5. 6 70 80 10 12.5
300 875 923 48 5.2 62 73 11 15-0
500 856 898 42 4.7 57 67 10 15.0
800 816 847 31 3-7 52 61 9 15-0
1M 799 819 20 2.4 50 58 8 14-0
2 696 694 -2 -0.3 36 39 3 7-5
3 632 627 -5 -0.8 28 29 1 3.5
8 511 511 0 0 10 10 0 0
Cell 5« (longitudinal electrodesX
f Hz Rm Rs A R AR/RS cm Cs ZlC AC/Cs gm gs
25k 2227 2390 163 6. 8%> 110 104 -6 -6.0% 4.58 4.27
50 2210 2375 165 6.9 54 54 0 0 4. 62 4.30
75 2206 2365 159 6.7 40 42 2 5.0 4.63 4. 32
100 2211 2370 159 6.7 36 38 2 5.5 4. 62 4. 31
150 2219 2368 149 6.3 34 36 2 5.5 4. 60 4.31
300 2166 2306 140 6.1 32 34 2 6.0 4.71 4.43
500 2105 2241 136 6.1 30 32 2 6.0 4. 85 4. 56
800 2008 2120 112 5-3 28 30 2 6.5 5.08 4. 82
1M 1932 2026 94 4. 6 25 27 2 7.5 5. 28 5.04
2 1698 1751 53 3.0 18 20 2 10.0 6.01 5.83
3 1557 1573 16 1.0 15 16 1 6. 0 6.56 6.49
8 1256 1256 0 0 7 7 0 0 8.13 8. 13
(cont.)
Note: For explanation of symbols, see list ’’Symbols and
Notation”.
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Table 7.1.1 (cont.)
(b) Temperature = 37°C
Cell 4. (transverse electrodes).
f Hz Rm Rs a R * R/Rs
cm Cs AC AC/Cg
25k 623 651 28 4-3% 500 500 0 0
50 621 648 27 4.2 182 196 14 7. 0%
75 621 646 25 3.9 U 9 134 15 11.0
100 618 644 26 4.0 98 118 20 17.0
150 620 642 22 3.4 72 90 18 20. 0
300 617 637 20 3.1 60 77 17 22. 0
500 607 625 18 2.9 55 74 19 25. 5
800 587 598 11 1.8 51 67 16 24.0
1M 577 576 -1 -0.3 50 59 9 15. 5
2 529 514 -15 -2.9 39 43 4 9-5
3 481 463 -28 -6.0 30 32 2 6.0
8 380 380 0 0 9 9 0 0
Cell 5- (longitudinal electrodes).
f Hz Rm Rs AR AR/Rs Cm Cs AC AC/Cg Sm gs /°' m / °s
25k 1587 1725 138 8. 0% 152 155 3 2.0% 6.43 5.91 156 169
50 1579 1723 144 8.3 68 70 2 3.0 6. 46 5.92 155 169
75 1576 1722 146 8.5 50 52 2 4.0 6.48 5.93 154 169
100 1571 1717 146 8.5 44 48 4 8.5 6. 50 5.95 154 168
150 1573 1718 145 8.4 38 42 4 9.5 6.49 5.94 154 168
300 1556 1684 128 7.6 34 38 4 10.5 6. 56 6.06 152 165
500 1520 1642 122 7.4 32 36 4 11.0 6.71 6. 22 149 161
800 1474 1571 97 6. 2 30 33 3 9.0 6. 92 6. 50 145 154
1M 1438 15U 73 4.8 28 30 2 6. 5 7.10 6.76 141 148
2 1282 1336 54 4.0 22 23 1 4.5 7.96 7.64 126 131
3 1182 1212 30 2.5 17 18 1 5.5 8. 64 8. 42 116 119
8 946 946 0 0 9 9 0 0 10.79 10.79 93 93
Sample No. H28 
Constant for Cell 5* - 1357 Ohms.
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Table 7.1.2 Comparison of cells with transverse and
longitudinal electrodes.
Summary of tests to confirm trends shown in table 7.1.1
Sample Conductance/flow change* (AR/RS)
No. Temperature = 20°C Temperature = 37°C
Transverse Longitudinal Trans. Long.
H29 3-4 % 4- 5% 2. 8% 5. 5%
H30 2.5 3.3 1.4 3.7
H31 3-9 4.5 1.2 4.8
H32 3.8 6.7 2. 1 7-0
The values of the conductance/flow changes are the 
averaged values over the range 10 - 100 kHz.
Cells - No. 4. Transverse.
No. 5* Longitudinal. 
Silver electrodes.
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Table 7. 2. 1 Effect of angular disposition of electrodes.
(a) Temperature = 20°C.
(i) Electrodes transverse. (ii) Electrodes 50° to 
(90° to flow line) flow line.
f Hz Rm Rs AR AR/Rg
25k 7 U 741 30 4.0 %
40 705 734 29 4.0
60 703 730 27 3.7
100 700 730 30 4-1
200 703 733 30 4.1
300 698 717 19 2.6
500 684 696 12 1.7
1M 644 640 -4 -0. 6
2 583 567 -16 -2. 8
4 505 489 -16 -3.3
8 444 438 -6 -1.4
f Hz Rm Rs a R AR/Rg
20k 907 976 69 7-1%
40 894 965 71 7-4
60 894 962 68 7.1
100 892 960 68 7.1
200 901 966 65 6.7
300 899 954 55 5.8
500 881 921 40 4.3
1M 836 864 28 3.2
2 737 745 8 1.1
4 643 639 -4 -0. 6
8 557 557 0 0
(iii) Electrodes 30° to (iv) Electrodes 20° to
flow line flow line.
f Hz Rm Rs A R AR/Rs
20k 1059 1152 93 8. 1%
40 1054 1146 92 8.0
60 1054 1148 94 8.2
100 1054 1146 92 8.0
200 1049 U39 90 7.9
300 1019 1094 75 7.1
500 995 1064 69 6. 5
1M 930 973 43 4-4
2 833 854 21 2.5
4 730 730 0 0
8 640 640 0 0
f Hz Rm Rs A R AR/Rs
20k 1511 1652 141 8. 5%
40 1500 1648 148 9.0
60 1500 1644 144 8. 8
100 1501 1644 143 8.7
200 1506 1651 145 8. 8
300 1477 1615 138 8.5
500 1465 1570 105 6.7
1M 1350 1429 79 5. 5
2 1192 1238 46 3.7
4 1041 1054 13 1.2
8 898 898 0 0
(cont.)
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Table 7.2.1 (cont.)
(v) Electrodes longitudinal, 
(in line of flow) 
Separation 10 mm.
f Hz Rm Rs A R AR/Rs
20k 1018 1112 94 8.5%
40 1016 1108 92 8.3
60 1020 1112 92 8.3
100 1014 1105 91 8.2
200 1024 1109 85 8.0
300 1019 1094 75 6.9
500 995 1064 69 6.5
1M 930 973 43 4.4
2 833 854 21 2.5
4 730 730 0 0
8 630 630 0 0
(b) Temperature = 37°C.
(i) Electrodes transverse.
f Hz Rm Rs A R a R/Rs
22k 534 539 5 0. 9%
40 529 535 6 1.1
60 524 529 5 0.9
100 526 531 5 0.9
200 526 529 3 0. 6
300 519 519 0 0
500 514 506 -8 -1.6
1M 491 471 -20 -4.2
2 459 428 -31 -7.2
4 403 378 -25 -6.6
8 347 334 -13 -3.9
vi) Electrodes longitudinal.
Separation 15 nun.
f Hz Rm Rs A R AR/Rg
20k 1531 1694 163 9-6%
40 1516 1678 162 9.7
60 1508 1665 157 9-4
100 1520 1680 160 9.5
200 1520 1666 146 8. 8
300 1496 1635 139 8.5
500 1447 1566 119 7.5
1M 1345 1432 87 6.1
2 1194 1242 48 3.9
4 1049 IO64 15 1.7
8 898 898 0 0
ii) Electrodes 50° to 
flow line.
f Hz Rm Rs AR AR/Rs
20k 647 689 42 6. 1%
40 642 684 42 6.1
60 642 683 41 6. 0
100 643 683 40 5.9
200 644 681 37 5.4
300 639 669 30 4.5
500 642 658 16 2.4
1M 607 612 5 0. 8
2 575 571 -4 -0.7
4 492 482 -10 -2. 1
8 428 419 -9 -2. 1
(cont.)
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Table 7-2.1 (cont.)
(iii) Electrodes 30° to 
flow line.
f Hz Rm Rs a r
AR/Rs
20k 770 828 58 7.0%
40 765 825 6o 7-3
60 764 824 60 7-3
100 761 822 61 7-4
200 755 809 54 6.7
300 75 0 793 43 5.4
500 741 768 27 3.5
1M 703 713 10 1.4
2 645 641 -4 -0. 6
4 565 557 -8 -1.4
8 489 481 -8 -1.7
(v) Electrodes longitudinal. 
Separation 10 mm.
f Hz Rm Rs AR a r /r s
20k 724 785 61 7- 8%
40 721 780 59 7-6
60 721 781 60 7-7
100 735 797 62 7. 8
200 728 775 47 6.1
300 722 765 43 5- 6
500 714 744 30 4.0
1M 676 688 12 1.7
2 617 617 0 0
4 548 541 -7 -1.3
8 481 469 -12 -2. 6
(iv) Electrodes 20° to 
flow line.
f Hzl Rm Rs a r AR/Rg
20k 1115 1215 100 8. 2% j
40 1112 1209 97 8. 0
60 1101 1205 104 8. 6
100 1100 1200 100 8. 3
200 1072 1156 84 7- 3
300 1044 1115 71 6. 4
500 1026 1092 66 6. 0
1M 973 1004 31 3- 1
2 897 914 17 1. 9
4 781 781 0 0
8 649 649 0 0
(vi) Electrodes longitudinal. 
Separation 15 nun.
f Hz Rm Rs A R AR/Rs
20k 1081 1186 105 8. 8%
40 1081 1187 106 8.9
60 1082 1188 106 8.9
100 1086 1190 104 8.7
200 1061 1148 87 7.6
300 1051 1124 73 6.5
500 1023 1088 65 6.0
1M 976 996 20 2.0
2 893 900 7 0. 8
4 781 781 0 0
8 661 661 0 0
Sample No. H44- 
Cell No. 8.
Table 7-2.2 Effect of angular disposition of electrodes,
(a) Temperature = 20°C.
(i) Electrodes transverse. (ii) Electrodes 50° to 
(90° to flow line) flow line.
f Hz Rm Rs a R AR/Rs
23k 697 710 13 1.8%
40 685 700 15 2. 1
60 682 697 15 2.2
100 700 715 15 2. 1
200 699 710 11 1.5
300 695 70 7 12 1.7
500 688 700 12 1.7
1M 645 642 -3 -0.5
2 585 575 -10 -1.7
4 5 U 504 -7 -1.4
8 458 454 -4 -0.9
(iii) Electrodes 30° to 
flow line
f Hz Rm Rs A R *R/Rs
20k 1056 1106 50 4 . 5%
40 1047 1098 51 4 . 6
60 1044 1093 49 4.5
100 1042 1092 50 4. 6
200 1046 1096 50 4. 6
300 1035 IO84 49 4.5
500 1023 1064 41 3.9
1M 961 990 29 2.9
2 858 878 20 2.3
4 750 755 5 0.7
8 648 648 0 0
f Hz Rm Rs AR AR/Rs
20k 908 942 34 3.6$
40 906 941 35 3-7
60 903 936 33 3.5
100 905 936 31 3.3
200 907 931 24 2. 6
300 902 926 24 2.6
500 888 910 22 2.4
1M 829 851 22 2. 6
2 759 663 4 0 . 6
4 666 662 -4 -0. 6
8 580 576 -4 -0.7
(iv) Electrodes 20° to 
flow line.
f Hz Rm Rs A R AR/Rs
20k 1562 1640 78 4 . 8%
40 1546 1621 75 4 . 6
60 1535 1610 75 4.7
100 1519 1592 73 4 . 6
200 1522 1593 71 4.5
300 1504 1574 70 4-4
500 1469 1529 60 3.9
1M 1362 1413 51 3-6
2 1216 1246 30 2.4
4 1052 1063 11 1.0
8 859 859 0 0
(cont.)
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Table 7.2.2 (cont.)
(v) Electrodes longitudinal, 
(in line of flow) 
Separation 10 mm.
f Hz Rm Rs a R £>R/Ra
20k 1044 1095 51 4-7%
40 1037 1087 50 4. 6
60 1037 1086 49 4-5
100 10 35 1085 50 4. 6
200 1039 1083 44 4.1
300 1025 1069 44 4.1
500 1005 1046 41 3.9
1M 941 974 33 3-4
2 838 855 17 2.0
4 737 740 3 0.4
8 638 638 0 0
(b) Temperature = 37°C.
(i) Electrodes transverse.
f Hz Rm Rs AR a r /r s
25k 5 U 523 12 2. 3%
40 502 513 11 2. 1
60 496 507 11 2. 2
100 501 513 12 2.3
200 499 510 11 2.2
300 495 505 10 2.0
500 492 496 4 0. 8
1M 474 475 1 0. 2
2 440 433 -7 -1.6
4 388 379 -9 -2.4
8 337 334 -3 -0.9
(vi) Electrodes longitudinal.
Separation 15 nim.
f Hz Rm Rs A R AR/Rs
20k 1567 I646 79 4. 8%
40 1547 1625 78 4.8
60 1546 1625 79 4.9
100 1531 160 8 77 4.8
200 1534 1615 81 5.0
300 1528 1600 72 4.5
500 1498 1558 60 3.9
1M 1408 1457 49 3.4
2 1246 1283 37 2.9
4 1097 1107 10 0.9
8 928 928 0 0
ii) Electrodes 50° to 
flow line.
f Hz Rm Rs
a r AR/Rs
20k 660 690 30 4. 3%
40 655 686 31 4.5
60 652 684 32 4.7
100 659 691 32 4 . 6
200 656 686 30 4.4
300 649 679 30 4.4
500 642 663 21 3.2
1M 612 634 22 3. 5
2 562 568 6 1. 1
4 489 491 2 0.4
8 425 425 0 0
(cont.)
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Table 7.2.2 (cont.)
(iii) Electrodes 30° bo 
flow line
f Hz Rm Rs AR AR/Rg
20k 761 810 49 6.0%
40 755 803 48 6.0
60 753 799 46 5.8
100 763 811 48 5.9
200 757 802 45 5. 6
300 748 793 45 5.7
500 740 77 6 36 4.6
1M 706 740 34 4 . 6
2 644 669 25 3.7
4 567 575 8 1.4
8 485 488 3 0. 6
(v) Electrodes longitudinal. 
Separation 10 mm.
iv) Electrodes 20° to 
flow line
f Hz Rm Rs AR AR/Rg
20k 1091 1165 74 6.4%
40 1082 1156 74 6.4
60 1072 1145 73 6.4
100 1071 1145 74 6. 5
200 1070 1141 71 6. 2
300 1057 1124 67 6.0
500 1036 1097 61 5.6
1M 986 1036 50 4.8
2 894 927 33 3-6
4 781 800 19 2.4
8 661 664 3 0.5
vi) Electrodes longitudinal. 
Separation 15 nun.
f Hz Rm Rs AR
AR/Rg
20k 744 787 43 5.5%
40 736 780 44 5.6
60 734 77 8 44 5.7
100 732 776 44 5.7
200 733 775 42 5.4
300 731 76 9 38 4.9
500 717 754 37 4.9
1M 681 716 35 4.9
2 626 643 17 2. 6
4 552 557 5 0.9
8 466 469 3 0. 6
f Hz Rm Rs A R a r /r s
20k 1116 1195 79 6.6%
40 1110 1187 77 6.5
60 1110 1185 75 6. 3
100 1122 1199 77 6.4
200 1110 1187 77 6.5
300 1103 1168 65 5.6
500 1077 U 4 3 66 5.8
1M 1014 1170 56 4.8
2 917 960 43 4.5
4 807 831 24 2.9
8 684 693 9 1.3
Sample No. H45 
Cell No. 8.
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Table 7• 3* 1 The effect of "wire11 electrodes.
(a) Temperature = 20°C.
(i) Cell No. 4- (Transverse) 
Bore = 5*75 mm.
f Hz Rm Rs a R a r /r s
24k 799 834 35 4.2%
50 780 816 36 4.4
100 769 804 35 4.4
200 763 797 34 4.3
300 752 782 30 3*7
500 742 763 21 2. 8
1M 698 711 13 1.8
2 625 623 -2 -0.3
4 538 534 -4 -0.7
8 468 466 -2 -0.4
(lii) Cell No. 7* (Wires 
10 mm apart).
f Hz Rm Rs AR AR/Rg
25k 1038 1129 91 8.1%
50 1039 1121 82 7-3
100 1031 1117 86 7.7
200 1098 1168 70 6.0
300 1077 1138 61 5.3
500 1061 1112 51 4. 6
1M 963 1004 41 4.1
2 838 869 31 3.6
4 694 724 30 4.1
8 609 609 0 0
(ii) Cell No. 7* (Wires 5 mm 
apart. Bore — 5-1 mm.
f Hz Rm Rs AR AR/Rs
20k 601 638 37 5.8%
50 583 621 38 6. 1
100 573 612 39 6.4
200 612 645 33 5. 1
300 613 630 17 2.7
500 592 613 19 3.1
1M 560 57 2 12 2. 1
2 491 504 13 2. 6
4 426 436 10 2. 6
8 379 379 0 0
(iv) Cell No. 7* (Wires 
20 mm apart.)
f Hz Rm Rs A R *R/Rs
25k 1982 2143 161 7.5%
50 1973 2143 170 7.9
100 1959 2123 164 7-7
200 2046 2218 172 7.8
300 1997 2162 165 7.6
500 1900 2065 165 8.0
1M 1726 1869 143 7.6
2 1489 1587 98 6. 2
4 1250 1296 46 3.5
8 1054 1071 17 1.6
(cont.)
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Table 7.3.1 (cont.)
(b) Temperature = 37°C.
(i) Cell No. 4* (Transverse) (ii) Cell No. 7« (Wires
5 mm apart).
f Hz Rm Rs AR AR/Rs
29k 593 621 28 4.5%
50 578 603 25 4-1
100 572 598 26 4-3
200 5 62 582 20 3.4
300 561 580 19 3.3
500 55 6 568 12 2. 1
1M 541 533 -8 -1.5
2 489 475 -14 -2.9
4 420 413 -7 -1.7
8 362 354 -8 -2.3
f Hz Rm Rs AR AR/Rs
25k 403 450 47 10.4%
50 399 445 46 10. 3
100 402 445 43 9.7
200 398 446 48 10. 8
300 394 442 48 10.9
500 389 425 36 8.5
1M 37 2 398 26 6.5
2 336 354 18 5. 1
4 296 304 8 2. 6
8 270 271 1 0.4
(iii) Cell No. 7* (Wires (iv) Cell No. 7* (Wires
10 mm apart). 20 mm apart).
f Hz Rm Rs AR AR/Rs
25k 713 803 90 11.2%
50 706 789 83 10.5
100 711 799 88 11.0
200 712 781 69 8.8
300 709 769 60 7.8
500 688 752 64 8.5
1M 646 694 48 6.9
2 587 620 35 5.3
4 520 527 7 1.3
8 453 453 0 0
f Hz Rm Rs AR AR/Rs
25k 1365 1538 173 11.2%
50 1364 1538 174 11.3
100 1347 1517 170 11.2
200 1362 1511 149 9.9
300 1354 1489 135 9.1
500 1324 1435 111 7.7
1M 1227 1343 116 8.6
2 1087 1149 62 5.4
4 904 945 41 4. 3
8 754 77 2 18 2. 3
Sample No. H33-
Table 7• 3. 2 The effect of uwiretr electrodes.
(a) Temperature = 20°C.
(i) Cell No. 4* (Transverse)
f Hz Rm Rs AR AR/Rs
23k 881 923 42 4.5%
50 85 6 896 40 4.5
100 841 881 40 4.5
200 829 870 41 4-7
300 815 855 40 4*7
500 804 835 31 3*7
1M 756 775 19 2.5
2 665 668 3 0.4
4 560 559 -1 -0. 2
8 489 487 -2 -0.4
\
(ill) Cell No. 7- (Wires 
10 mm apart).
f Hz Rm Rs AR AR/Rs
25k 1082 1165 83 7.1%
50 1073 1159 86 7-4
100 1070 1153 83 7.2
200 10 55 1141 86 7.5
300 1035 1117 82 7.4
500 1006 1082 76 7.0
1M 928 1000 72 7.2
2 810 864 54 6.3
4 684 710 26 3-7
8 587 590 3 0.5
(ii) Cell No. 7* (Wires 
5 mm apart).
f Hz Rm Rs AR AR/Rg
25k 611 650 39 6.0%
50 611 649 38 5.9
100 607 647 40 6. 2
200 589 633 44 7.0
300 593 630 37 5-9
500 572 611 39 6.4
1M 544 566 22 3-9
2 483 501 18- 3.6
4 415 420 5 1.2
8 366 361 -5 -1.4
(iv) Cell No. 7* (Wires 
20 mm apart).
f Hz Rm Rs AR AR/Rs
25k 2062 2246 184 8. 2%
50 2054 2236 182 8. 1
100 2039 2228 189 8. 3
200 2009 2185 176 8.1
300 1962 2131 169 7.9
500 1910 2066 156 7.6
1M 1742 1877 135 7.2
2 1481 1586 105 6.6
4 1228 1274 46 3.6
8 1022 1040 18 1.7
(cont.)
- 260 -
Table 7.3.2 (cont.)
(b) Temperature = 37°C.
(i) Cell No. 4. (Transverse) (ii) Cell No. 7. (Wires
5 mm apart).
f Hz Rm Rs A R AR/Rs f Hz Rm Rs AR AR/Rs
23k 611 635 24 3.8% 23k 433 472 39 8. 3%
50 607 635 28 4.4 50 428 470 42 8.9
100 603 628 25 4.0 100 421 467 46 9-9
200 601 628 27 4.3 200 433 472 39 8. 3
300 595 617 22 3. 6 300 430 468 38 8.1
500 589 611 22 3-6 500 424 458 34 7-4
1M 563 57 2 9 1.6 1M 403 430 27 6.3
2 521 518 -3 -0. 6 2 366 385 19 4.9
4 446 434 -12 -2.8 4 311 318 7 2. 2
8 381 371 -10 -2.7 8 269 273 4 1.5
(iii) Cell No. 7* (Wires (iv) Cell No. 7. (Wires
10 mm apart). 20 mm apart).
f Hz Rm Rs AR AR/Rs f Hz Rm Rs AR AR/Rs
25k 775 859 84 9.8% 25k 1497 1656 159 9.6%
50 773 860 87 10. 1 50 1492 1659 167 10. 1
100 77 0 857 87 10. 2 100 1485 1651 166 10. 1
200 783 866 83 9.6 200 1472 1634 162 9.9
300 771 851 80 9.4 300 1445 1602 157 9. 8
500 758 830 72 8.7 500 1417 1557 140 9.0
1M 715 775 60 7.7 1M 1315 1435 120 8.4
2 639 685 46 6.7 2 1160 1242 82 6.6
4 545 565 20 3.5 4 959 995 36 3.6
8 461 471 10 2. 1 8 787 805 18 2.2
Sample No. H34*
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Table 7«4«1 Comparison of cells of different bores.
(longitudinal electrodes).
(a) Temperature = 20°C.
(i) Cell No. 6A, int. dia. = 2 . 8  mm.
f Hz Rm Rs A R * R/Rs m gs
25k 3047 3601 554 15.4% 4- 87 4. 12
50 3036 3585 529 14. 8 4.88 4. 14
100 3026 3561 535 15.0 1.90 4- 16
200 2999 3511 512 14. 6 4-94 4. 22
300 2946 3451 505 14. 6 5.03 4- 30
500 2856 3347 491 14. 6 5. 19 4-43
1M 2612 3004 392 13.0 5.68 4-94
2 2288 2564 276 10.7 6.18 5.78
4 1995 2128 133 6. 2 7.43 6.97
8 1693 1753 60 3-4 8.76 8.46
(ii) Cell No. 5} int dia. = 5 - 8  mm.
f Hz Rm Rs
A R A R/Rs gm gs
25k 2214 2390 176 7.4% 4.69 4.34
50 2206 2390 170 7.2 4.70 4. 37
100 2195 2367 172 7.3 4.73 4.38
200 2166 2339 173 7.4 4.79 4.44
300 2128 2295 167 7-3 4.88 4- 52
5 00 2069 2220 151 6.8 5.01 4.67
1M 1899 2012 U 3 5- 6 5.46 5. 16
2 1652 1709 57 3. 3 6.28 6. 07
4 1408 1428 20 1.4 7. 37 7. 26
8 1190 1205 15 1.2 8. 72 • 8.61
(cont.)
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Table 7«4«1 (cont.)
(a) Temperature = 20°C.
(iii) Cell No. 10, int. dia. = 9 * 7  nun.
f Hz Rm Rs AR AR/Rg gm gs
25k 1435 1530 95 6. 2% 4.50 4- 22
50 1425 1519 94 6. 2 4.35 4.25
100 1413 1509 96 6.4 4.57 4. 28
200 1422 1513 91 6.0 4.54 4.27
300 1417 1501 84 5.6 4.55 4.30
500 1390 1461 71 4.9 4.64 4.42
1M 1300 1346 46 3.4 4.96 4- 80
2 1149 1166 17 1.5 5. 62 5-54
4 1000 1001 1 0. 1 6.45 6. 45
8 890 890 0 0 7.25 7.25
C ell No. 11, int.dia = 16. 2 mm.
f Hz Rm Rs A R AR/Rs gm gs
25k 1296 1367 71 5 • 2% 4.48 4.25
50 1292 1360 68 5.0 4.49 4.27
100 1286 1362 76 5.6 4.52 4 . 26
200 1293 1360 67 4.9 4.49 4. 27
300 1276 1339 63 4.7 4.55 4. 34
500 1252 1305 53 4.1 4.64 4.45
1M U7 3 1196 23 1.9 4.95 4 . 86
2 1034 1036 2 0. 2 5- 62 5. 61
4 895 889 -6 -0.7 6. 49 6. 53
8 782 782 0 0 7.43 7.43
(cont.)
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Table 7«4«1 (cont.)
(b) Temperature = 37°C.
(i) Cell No. 6A, int.dia. = 2.8 mm.
f Hz Rm Rs AR AR/Rs gm gs
25k 2242 2649 407 15.3% 6.61 5.59
50 2234 2 637 403 15.3 6.63 5. 62
100 2191 2598 407 15.6 6.77 5.71
200 2155 2552 397 15.5 6.88 5. 81
300 2132 2511 379 15.1 6.95 5.90
500 2086 2451 365 14.9 7.11 6.05
1M 1942 2253 311 13. 8 7.63 6.58
2 1722 1941 219 11.3 8.61 7.64
4 1488 1611 123 7-6 9.96 9. 20
8 1270 1295 25 1.9 11. 67 11.45
(ii) Cell No. 5? int. dia. = 5-8 mm.
f Hz Rm Rs AR a r / rs gm gs
25k 1676 1844 168 9.1# 6. 19 5.63
50 1668 1832 I64 9.0 6. 22 5. 66
100 1665 1832 167 9.1 6. 23 5.66
200 1613 1776 163 9.3 6.43 5-84
300 1604 1744 140 8.0 6.47 5.95
500 1578 1693 115 6.8 6.57 6. 13
1M 1494 1562 68 4.3 6.94 6. 64
2 1334 1351 17 1.3 7.7 8 7.68
4 1133 U3 9 6 0.5 9.16 9.11
8 944 935 -9 -1.0 10.99 11.09
(cont.)
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Table 7.4.1 (corrb.)
(b) Temperature = 37°C.
i
(iii) Cell No. 10, int. dia. = 9*7 nun.
f Hz Rm Rs AR/Rg gm gs
25k 1056 1147 91 7-9% 6.11 5.63
50 1056 1145 89 7.8 6.11 5.64
100 1050 1141 91 8.0 6.15 5.66
200 1052 1128 76 6.7 6.14 5.72
300 1054 1118 64 5.7 6. 12 5.77
500 1039 1093 54 4.9 6. 21 5.91
1M 994 1020 26 2.5 6.49 6.33
2 891 897 6 0.7 7.24 7. 20
4 769 7 62 -7 -0.9 8.39 8.47
8 654 654 0 0 9.87 9. 87
(iv) Cell No. 11, int. dia. = 16.2 mm.
f Hz Rm Rs AR ^R/R ' s m gs
25k 1002 1071 69 6.4$ 5.79 5.42
50 1000 1064 64 6.0 6. 81 5.46
100 983 1051 68 6.5 5.91 5.53
200 977 1040 63 6.1 5.94 5.58
300 969 1027 58 5. 6 5. 99 5. 65
500 955 993 38 3.8 6.08 5.85
1M 863 8 75 12 1.4 6.73 6. 64
2 819 806 -13 -1.6 7.09 7. 21
4 697 678 -19 -2. 8 8.33 8.57
8 575 575 0 0 10. 10 10. 10
Sample No. H52
Cell No. 6A, Constant 1971 Ohms.
Cell No. 5) Constant 1379 Ohms.
Cell No. 10, Constant 858 Ohms.
Cell No. 11, Constant 77 2 Ohms.
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Table 7■4« 2 Comparison of cells of different bores.
(a) Temperature = 20°C.
(i) Cell No. 6A, int. dia. = 2 . 8  mm.
f Hz Rm Rs AR AR/Rs Smm gs
25k 2532 2843 3 U 10.9$ 5.90 5.25
50 2507 2820 313 11. 1 5.96 5.30
100 2487 2799 312 11.1 6.00 5.34
200 2457 2751 294 10. 7 6.08 5*43
300 2426 2715 289 10. 6 6.16 5.50
500 2376 2643 267 10. 1 6. 29 5.65
1M 2158 2378 220 9-3 6.92 6. 28
2 1937 2113 176 8.3 7.71 7.07
4 1720 1830 110 6.0 8.68 8. 16
8 1472 1510 38 2.5 10.15 9. 89
(ii) Cell No. 5 } int. dia. = 5*8 mm.
f Hz Rm Rs A R AR/Rs gm gs
25k 1697 1807 110 6. 1% 5.89 5.54
50 1697 1811 114 6.3 5. 89 5.52
100 1701 1815 114 6.3 5.88 5- 51
200 1754 1873 U 9 6.4 5.70 5. 34
300 1712 1800 88 4.9 5. 84 5.56
500 1673 1756 83 4.7 5.98 5.70
1M 1581 1623 42 2. 6 6.33 6.16
2 1417 1439 22 1.5 7.06 6.95
4 1249 1259 10 0.8 8.01 7. 94
8 1093 1098 5 0.5 9- 15 9. 12
(cont.)
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Table 7*4.2 (cont.)
(a) Temperature = 20°C.
(iii) Cell No. 10, int. dia. = 9*7 mm.
f Hz Rm Rs £tR * R/Rs gm gs
25k 1104 1150 46 4*0$ 5* 84 5*61
50 1106 1152 46 4.0 5*83 5* 60
100 1105 1151 46 4*0 5*84 5*61
200 1102 U 4 5 43 3*8 5* 85 5*63
300 1098 U 3 7 39 3*4 5*88 5*67
500 1085 1115 30 2.7 5*95 5*79
1M 1036 1047 11 1. 1 6.23 6.16
2 942 937 -5 -0.5 6.85 6. 89
4 835 835 0 0 7*73 7*73
8 737 737 0 0 8.75 8.75
i
(iv) Cell No. 11, int. dia. = 16 . 2 mm.
f Hz Rm Rs a r * R/Rs gm gs
25k 1013 1053 40 3*8fo 5*73 5*51
50 1015 1054 39 3*7 5*72 5*51
100 1016 1055 39 3*7 5*71 5* 50
200 1019 1054 35 3*3 5*70 5*51
300 1012 1038 26 2.5 5*74 5*59
500 1005 1022 17 1*7 5*7 8 5* 68
1M 954 955 1 0. 1 6.08 6.08
2 861 853 -8 -0.9 6.74 6. 81
4 759 751 -8 -1. 1 7*65 7*73
8 676 672 -4 -0. 6 8.59 8. 64
(cont.)
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Table 7.4.2 (cont.)
(b) Temperature = 37°C.
(i) Cell No. 6A, int. dia. = 2 . 8  mm.
f Hz Rm Rs AR AR/Rs m s
25k 1775 1950 175 9.0$ 8.41 7.66
50 1772 1947 175 9.0 8.43 7.67
100 1762 1939 177 9.1 8.48 7.70
200 1734 1911 177 9.3 8.61 7. 81
300 1722 1892 170 9.0 8.67 7. 89
500 1702 1844 142 7.7 8.77 8.10
1M 1605 1730 125 7.2 9.30 8.63
2 1450 1566 116 7.4 10.29 9.54
4 1296 1379 83 6.0 11.52 10. 83
8 1135 U 7 4 39 3.3 13.16 12. 72
(ii) Cell No. 5> int. dia. = 5 * 8  mm.
f Hz Rm Rs AR a r /r ' s gm gs
25k 1225 1286 61 4.7$ 8.16 7.78
50 1219 1282 63 4.9 8. 21 7. 80
100 1216 1280 64 5.0 8. 23 7. 81
200 1217 1279 62 4.8 8. 22 7. 82
300 1217 1262 45 3. 6 8. 22 7. 93
500 1208 1243 35 2. 8 8.28 8.05
1M 1178 1186 8 0.7 8.49 8.43
2 1119 1088 -31 -2. 8 8.94 9.19
4 974 952 -22 -2.3 10.27 10.51
8 848 838 -10 -1.2 11.79 11.93
(cont.)
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Table 7.4.2 (cont.)
(b) Temperature = 37°C.
(iii) Cell No. 10, int. dia. = 9*7 mm.
f Hz Rm Rs AR AR/Rs gm Ss
25k 826 846 20 2.4$ 7. 81 7-63
50 823 843 20 2.4 7.84 7.65
100 824 843 19 2.3 7.83 7-65
200 819 835 16 1.9 7.88 7.73
300 815 827 12 1.5 7.92 7. 80
500 807 814 7 0.9 8.00 7.93
1M 77 8 769 -9 -1.2 8-. 29 8.39
2 730 705 -25 -3.5 8.84 9.15
4 650 634 -16 -2.5 9.93 10.18
8 573 565 -8 -1.4 11. 26 11.42
Cell No . 11, int. dia. = 16.2 mm.
f Hz Rm Rs AR a r /r s g,m gs
25k 754 767 13 1 . 7% 7.70 7.57
50 740 755 15 2.0 7.84 7,69
100 735 749 14 1.9 7.90 7-75
200 728 740 12 1.6 7. 97 7. 84
300 722 734 12 1.6 8.04 7.91
500 718 7 21 3 0.4 8.08 9-05
1M 694 687 -7 -1.0 8.36 8.44
2 647 633 -14 -2. 2 8.97 9.17
4 580 569 -11 -1.9 10.01 10. 20
8 504 497 -7 -1.4 11.52 11.68
Sample No. H54
Cell No. 6A, Constant 1986 Ohms.
Cell No. 5 9 Constant 1330 Ohms.
Cell No. 10, Constant 858 Ohms.
Cell No. 11, Constant 772 Ohms.
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Table 7« 5«1 Variation of cell bore - small bores.
(a) Temperature = 20°C.
Cell Bore f Hz Rm Rs AR *R/Rs gm gs
5 5.85mm 50k
100
1908
1909
2039
2046
131
137
6.4%
6.7
5.24
5.24
4.91
4.89
6A 2. 8 50
100
2747
2745
3084
3082
337
337
10.9 
10. 9
5-44
5.44
4. 84 
4. 85
12* 2.4 50
100
4002
3884
4457
4330
455
446
10. 2 
10. 3
5.42
5.59
4. 87 
5.01
13* 2.0 50
100
5437
5392
6159
6117
722
725
U . 7
11.8
5.55 
5. 60
4.90
4.94
14* 1.6 50
100
6366
6363
7266
7261
900
898
12.4
12.4
5.76
5.76
5.05
5.05 »
(b) Temperature = 37°C.
Cell Bore f Hz Rm Rs AR AR/Rs gm gs
5 5.85mm 50k 1350 1432 82 5. 1% 7.41 6.99
100 1345 1430 85 5.9 7.44 7-00
6A 2. 8 50 1954 2201 247 11.2 7. 65 6.79
100 1932 2178 246 11.3 7.73 6.86
12 r 2.4 50 2800 3193 393 12. 3 7-75 6. 80
100 2748 3130 382 12. 2 7.90 6.94
*
13 2.0 50 3787 4386 599 13.7 7.97 6. 89
100 3767 4358 591 13. 5 8. 02 6.93
*
14 1.6 50 4591 537 2 781 14.5 7.99 6.83
100 4545 5329 784 14.7 8. 07 6. 88
Small electrodes - see Table A5»4 Sample No. H56.
Cell Constants:- No.5 1330 Ohms.
6A 1986 
12 2886
13 4015
14 4876
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Table 7• 5* 2 Variation of cell bore - small bores.
(a) Temperature = 20°C.
Cell Bore f Hz Rm Rs AR AR/Rs gm Ss
5 5* 85mm 501c
100
1946
1945
2060
2061
U 4
116
5.5%
5.6
5.14
5.14
4.86
4.85
6A 2. 8 50
100
2766
2758
3088
3079
322
321
10.4
10.4
5.40
5.42
4.84 
4. 85
.>«.
12 2.4 50
100
3986
3.916
4433
4359
447
443
10. 1 
10. 1
5.45
5.54
4. 89 
4.98
13* 2.0 50
100
5439
5395
6165
6139
726
744
11. 8 
12. 1
5-55
5.60
4.91
4.92
14" 1.6 50
100
6594
6538
7498
7446
904
908
12. 1 
12. 2
5.5 6 
5.61
4.89
4.93
(b) Temperature = 37°C.
Cell Bore f Hz Rm Rs
AR
*R/Rs gm gs
5 5.85mm 50k
100
1345
1345
1429
1428
84
83
5-9$
5.8
7-44
7.44
7.00
7.01
6A 2. 8 50
100
1894
1899
2243
2240
349
341
15.5
15.3
7. 89 
7.87
6. 66 
6.67
to 2.4 50
100
2728
2670
3114
3049
386
379
12.4
12.4
7.96 
8. 13
6.97 
7. 12
13* 2.0 50
100
3707
3682
4349
4309
642
627
14-8
14.5
8.15 
8. 20
6.94
7.01
14* 1.6 50
100
4573
4539
5314
5280
841
841
15.8
15.9
8.02
8.08
6. 90 
6.95
*/{•
Small electrodes - see Table A5.4 Sample No. H57a.
5. 1330 Ohms.
6A. 1986
12. 2886
13. 4015
14. 4876
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Table 7« 6.1 Changes with time when motion ceases abruptly.
Frequency = 100 kHz.
(a) Temperature = 19°C. (b) Temperature = 25°C
T R
X AR/RS g
0 sec 2744 10. 5% 5.44
5 3000 2. 1 4.98
10 3014 1.7 4.95
15 3025 1.3 4.93
20 3029 1.2 4.92
25 3035 1.0 4.91
30 3040 0. 8 4.90
40 3052 0.4 4.89
50 3060 0.15 4.88
60 3065 0 4.87
(c) Temperature = 30°C.
T R
X * R/Rs g
0 sec 2149 13.9# 6.95
5 2427 2. 8 6.15
10 2439 2.3 6. 12
15 2449 1.9 6.09
20 2454 1.7 6.08
25 2464 1.3 6.06
30 2474 0.9 6.03
40 2486 0.4 6.00
50 2491 0. 2 5. 99
60 2496 0 5.98
T R
X
AR/R7 s g
0 sec 2425 11.7% 6.16
5 2 677 2.5 5.59
10 2695 1.8 5-53
15 2708 1.4 5.51
20 2714 1.1 5.50
25 2720 0.9 5.49
30 2725 0.7 5.48
40 2735 0.4 5.46
50 2739 0. 2 5.45
60 2745 0 5.44
(d) Temperature = 37°C.
T R
X * R/Rs g
0 sec 1899 15. 3% 7. 88
5 2152 3.9 6.94
10 2179 2.7 6. 86
15 2188 2.3 6. 82
20 2200 1.8 6.79
25 2206 1.5 6.77
30 2213 1. 2 6.75
40 2223 0. 8 6. 72
50 2231 0.4 6. 70
60 2240 0 6.67
Cell No. 6A.
Sample No. H57b
Cell Constant = 1986 Ohms.
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Table 7.6.2 Changes with time when motion ceases abruptly.
Frequency = 100 kHz.
(a) Temperature = 20°C. (b) Temperature = 25°C.
T RX 4R/Rg g
0 sec 2 577 10. 3% 5. 81
5 2810 2. 2 5.32
10 2829 1.5 5. 28
15 2842 1.0 5.25
20 2850 0. 8 5.24
25 2853 0.7 5.23
30 2858 0.5 5- 22
40 2862 0.3 5.21
50 2866 0.15 5.21
60 2872 0 5. 20
(c) Temperature = 30°C.
T R
X
AR/Rs g
0 sec 2042 12. 15S 7.32
5 2272 2. 2 6.58
10 2284 1.7 6.53
15 2295 1.2 6.51
20 2300 1.0 6.49
25 2304 0. 8 6.48
30 2308 0. 6 6.47
40 2317 0.25 6.45
50 2322 0.05 6.43
60 2323 0 6.42
T R
X
^ r /r' s g
0 sec 2286 11.1$ 6.53
5 2511 2. 3 5.96
10 2526 1.8 5.91
15 2539 1. 2 5- 89
20 2547 0. 9 5. 87
25 2553 0.7 5.86
30 2559 0.5 5-84
40 2564 0. 3 5- 82
50 2568 0. 1 5.81
60 2571 0 5.81
(d) Temperature = 37°C.
T R
X *R/Rs g
0 sec 1791 12. 2% 8. 34
5 2010 1.5 7.44
10 2022 0.9 7- 38
15 2028 0. 6 7.37
20 2032 0.45 7. 36
25 2033 0.4 7. 35
30 2035 0. 3 7. 34
40 2037 0. 2 7. 34
50 2040 0.05 7. 33
60 2041 0 7- 32
Cell No. 6A.
Sample No. H58a
Cell Constant = 1986 Ohms.
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Table 7.6.3 Changes with time when motion ceases abruptly.
Transverse and longitudinal electrodes compared.
(a) Temperature = 20°C.
Longitudinal Transverse
Time R
X
AR AR/Rs R
X
AR AR/Rs
0 sec 1586 104 6. 2% 710 21 2.9$
5 1646 43 2.5 715 16 2. 2
10 1653 36 2. 1 718 13 1.8
15 1665 24 1.4 721 10 1.4
20 1668 21 1.2 724 7 1.0
25 1671 18 1.1 725 6 0. 8
30 1673 16 0.9 727 4 0.5
40 1679 11 0.7 728 3 0.4
50 1687 3 0. 2 730 1 0. 1
60 1690 0 0 731 0 0
(b) Temperature = 37°C.
Longitudinal Transverse
Time R
X a R * R/RS RX AR
a r/r
s
0 sec 1110 76 6.4$ 539 12 2. 2%
5 1161 25 2. 1 544 7 1.3
10 1169 17 1.4 545 6 1.1
15 1172 14 1.2 546 5 0.9
20 U 7 4 12 1.0 546 5 0.9
25 1177 9 0. 8 547 4 0.7
30 1180 6 0.5 548 3 0.5
40 1184 2 0. 2 549 2 0.4
50 1185 1 0. 1 550 1 0. 2
60 1186 0 0 551 0 0
Sample No. H60 
Cell No. 8.
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Table 7*6.4 Changes with time when motion ceases abruptly.
Transverse and longitudinal electrodes compared.
(a) Temperature = 20°C.
Longitudinal Transverse
Time R
X * R/Rs RX AR
a r /r' s
0 sec 1612 99 5. 8% 72 5 21 2. 8%
5 1678 23 1.3 733 13 1.7
10 1683 18 1.1 736 10 1.3
15 1686 15 0.9 739 7 0. 9
20 1688 13 0. 8 741 5 0.7
25 1700 11 0. 6 742 4 0.5
30 1703 8 0.5 743 3 0.4
40 1706 5 0.3 744 2 0. 3
50 1709 2 0. 1 745 1 0. 1
60 1711 0 0 746 0 0
(b) Temperature = 37°C.
Longitudinal Transverse
Time R
X AR * R/Rs RX AR A R/Rs
0 sec 1161 85 6. 8% 534 16 2.9%
5 1222 24 1.9 539 ll 2.0
10 1226 20 1.6 541 9 1.7
15 1230 16 1.3 543 7 1.3
20 1234 12 1.0 544 6 1.1
25 1236 10 0. 8 545 5 0.9
30 1238 8 0. 6 546 4 0.7
40 1241 5 0.4 547 3 0.5
50 1244 2 0. 2 549 1 0. 2
60 1246 0 0 550 0 0
Sample No. H6l 
Cell No. 8.
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Table 7»1 •1 Change In resistance with flow rate.
Temperature = 20 C. Frequency = 100 kHz.
Flow „ 
ml/min RX AR ar/rS
Max 2051 215 9. 5%
291 2071 195 8.6
243 2081 185 8. 2
186 2091 175 7.7
174 2091 175 7.7
164 2101 165 7-3
130 2101 165 7.3
125 2104 162 7. 1
118 2111 155 6.9
U 3 2111 155 6.9
Table 7-7.2
Temperature = 20°C. Frequency
Flow 
ml/min RX A  R AR/Rs
Max 2196 190 8. 0%
284 2216 170 7.1
261 2216 170 7.1
224 2226 160 6.7
198 2236 150 6.3
187 2236 150 6.3
115 2246 140 5.9
96 2256 130 5.4
93 2256 130 5.4
Flow
ml/min RX AR AR/Rs
87 2122 144 6. 3%
79 2114 152 6.7
57 2124 142 6. 3
52 2124 142 6. 3
37 2136 130 5-7
32 2144 122 5-4
26 2146 120 5.3
20 2154 112 4-9
13 2174 92 4-1
0 2216 0 0
Cell No. 5* Bore 5*85 mm 
Sample No. H49*
= 100 kHz.
Flow
ml/min RX & R *R/Rs
75 2269 U  7 4.9^
64 2269 117 4.9
52 2279 107 4-5
36 2289 97 4. 1
25 2299 87 3.6
24 2309 77 3.2
20 2309 77 3.2
17 2319 67 2. 8
0 2386 0 0
Cell No. 5« Bore 5-85 mm 
Sample No. H50.
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Table 7•7• 3 Change of resistance with flow rate.
Temperature = 20°C. Frequency = 100 kHz.
Flow
ml/min RX A R AR/Rs
Flow 
ml/min RX AR *R/Rs
Max 2528 308 10. 9% 49 2667 169 6. 0%
256 2563 273 9-6 45 2667 169 6.0
244 2563 273 9.6 35 2687 149 5.3
210 2 573 263 9-3 29 2707 129 4. 6
185 2583 253 8.9 23 2727 109 3-8
173 2583 253 8.9 15 2731 105 3.7
128 2593 243 8.6 8 2751 85 3-0
107 2613 223 7.9 5 2771 65 2. 3
63 2647 189 6.7 0 2836 0 0
57 2647 189 6.7
Cell No. 6A Bore 2.8 mm 
Sample No. H58b.
Table 7.7.4
Temperature = 20°C. Frequency = 100 kHz.
Flow
ml/min RX AR AR/Rs
Flow
ml/min RX AR AR/Rs
Max 2486 349 12. 2% 51 2583 252 8.9$
268 2518 317 11.2 43 2593 242 8.5
195 2523 312 11.0 31 2599 236 8.3
172 2523 312 11.0 25 2613 222 7. 8
148 2528 307 10. 8 19 2623 212 7.5
126 2533 302 10. 6 15 2633 202 7. 1
113 2543 292 10. 3 9 2658 177 6.3
105 2543 292 10. 3 5 2681 154 5.3
69 2563 272 9.6 3 2721 114 4. 1
60 2573 262 9.2 0 2835 0 0
Cell No. 6A. Bore 2.8 mm 
Sample No. H59-
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Chapter 8.
Applications of the measurement of conductance and conductance 
change in blood.
Summary
The application of conductance measurements to blood 
flow monitoring is discussed, with particular emphasis on 
catheterization techniques. Details are given of the design 
and construction of a catheter which, with refined 
manufacture, would be suitable for measurements within fairly 
small arteries. It is suggested that catheters of much smaller 
diameter would be a practical proposition. Results are 
presented which show that the performance of catheters from 
this design may be predicted closely from measurements on 
conductivity cells. Other forms of device using the same 
principles are also suggested and discussed. The application 
of these devices to the determination of internal flow 
cross-section in a vessel is shown to be a possibility.
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8.1 Introduction.
The measurement of the conductance of blood has already- 
been used for some experimental and clinical purposes, as 
mentioned earlier. The most common use is, perhaps, in the 
application to the rather controversial field of 
plethysmography, but there is a growing interest in the 
conductance of blood as an indication of pathological conditions. 
The only serious attempt to use the dependence of conductance 
on flow rate has been that of DAVIS (1969)* who used a single 
electrode in the blood stream, a second electrode being placed 
on the body surface of the patient. A low frequency was used, 
and because of the high impedance between electrodes, a high 
voltage was necessary. The output signal was claimed to be 
a cube root function of blood velocity. A fuller description 
of this work is included in Chapter 2.
The use of frequencies high enough to reduce electrode 
polarization effects to small or even negligible proportions 
makes it possible to use a catheter containing a pair of 
electrodes and the necessary connecting leads only, as a 
means of detecting blood flow. The simplicity of construction 
of such a device is an immediate attraction, since it can be 
readily miniaturized, and this leads to the possibility of 
in vivo measurements in locations where up to the present 
they have been impractical. Experimental catheters were 
built as part of this project, and the results of in vitro 
tests are included in this chapter.
The variation of the conductance - flow effect with 
bore of the flow tube appears, at first sight, to be a 
rather serious obstacle to any quantitative measurements.
However, the conductance between electrodes of a liquid in
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a flow tube is itself a function of the bore of the flow tube, 
since it depends on the volume of liquid forming the electric 
current path, and this in turn is determined by the bore of 
the tube. This value of conductance, which in blood flow may 
be termed the base-line value, affords a simple means of 
determining the bore, and it so happens that this is a 
clinically desirable measurement in its own right.
Catheterization involves invasion of the circulation, 
and this is not always desirable. An alternative method of 
obtaining these measurements from an exposed vessel without 
involving invasion of the circulation is discussed, and 
details of such a device are included, although it has not 
been constructed. Again, both flow and internal bore would 
be detectable by such a device. This device would be applied 
to a vessel in a manner very similar to that used by the 
normal electromagnetic flowmeter head. Yet another alternative 
would be to mount the electrodes in the tips of injection 
type needles. These would then be inserted intravascularly, 
giving a method which could be used without surgery and with 
minimal invasion of the circulation for vessels near the 
surface. However, there would be some problems in accurate 
location of electrodes in the vessel.
8.2 Construction of catheters.
Details of the construction of catheters as initially 
tested are shown in Fig 8.1. A diameter of 1.2 mm was chosen, 
after having developed constructional methods using catheters 
of larger diameter. This smaller diameter was small enough 
to be a useful size for practical purposes, and at the same 
time it was large enough to be constructed without the need
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for specialized skills, and without the help of specially . 
designed jigs and tools. The use of such jigs and tools, 
with modern methods and easily obtained skills, would 
enable catheters of much smaller diameter to be constructed 
easily and cheaply.
The electrodes were formed of silver wire, beaten into 
a foil, strips of which, of 1 mm width, were used. After 
annealing, leads of 38 S.W.G. copper enamelled wire were 
soldered in place. This method of attachment was adequate 
for these initial tests, but it would be advisable to use 
micro-welding at a later stage, to avoid dangers of 
contamination. The foil was then bent to the required circular 
shape, with the connection on the inner surface. The formed 
electrodes were then located at the catheter tip, using a 
small length of 0.7 nun tubing as support, this small length 
being inserted a small way into the catheter tip.Finally 
the catheter tip was built up with molten nylon, which was 
trimmed to shape after cooling.
A major problem encountered in catheterization 
techniques in general concerns the centering of the catheter 
tip in the blood vessel. Devices such as centering cages are 
very prone to thrombus formation. This problem does not arise 
in the case of conductance catheters, since it is quite 
sufficient for the catheter tip to be located adjacent to 
the vessel wall. If the catheter is semi-rigid, at least at 
the head, it can be heat-formed to a shape as indicated in 
Fig 8.9a* and this simple bend gives a simple and positive 
method of location at the vessel wall.
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8.3 Frequency response of catheters.
The first requirement was to ensure that catheters 
constructed as described above would produce conductance 
measurements which would be comparable to those obtained 
with conductivity cells. For this purpose* a catheter was 
inserted into the blood circuit as previously used* the 
location of the tip being within a conductivity cell. Care 
was taken to ensure that there was no interference with the
current path between the cell electrodes. Frequency response
' ^
characteristics were taken from several samples of blood, 
using flow tubes of 2.8 mm and 5*75 mm bore* and typical 
results for the conductance - flow change are shown in 
Figs 8.2 and 8.4*
In the case of the larger diameter conductivity cell* 
the characteristics for the catheter and for the cell are 
similar in shape* but with slightly lower values for the 
catheter. It will be seen later that the conductance - flow 
values for the catheter are a function of the electrode 
separation* and would be increased with a greater separation. 
The results obtained when using the smaller conductivity cell 
as flow tube show characteristics which again are closely 
similar, but in this case the values for the catheter are the 
larger. This may be attributed to the decrease in flow cross- 
section caused by the presence of the catheter.
Frequency response curves for the measured capacitance 
(blood stationary) are shown in Figs 8.3 and 8.5* The major 
point of difference between cells and catheters in these 
characteristics arises from the leads in the catheter sheath 
(lm in length)* which introduces a further parallel 
capacitance (in parallel with the complete equivalent circuit
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shown in Fig 5*9b, increasing the capacitor by an order 
of 10). This is shown in the logarithmic plot as a significant 
increase in the stationary value of the curve.
Due to a lead breakage at one of the electrodes, it 
became necessary at this stage to replace the catheter used 
for the above described tests by another built* as far as 
possible* to the same dimensions.
8.4 The effect of bore of flow tube, and the use of 
catheters to measure bore.
The conductance between a pair of electrodes in a flow 
tube is a function of the bore of the tube, and this may 
be utilised to determine the bore. For circular cross-sections* 
it is immaterial whether diameter or cross-sectional area 
is regarded as the parameter to be determined, but for non­
circular bores* the cross-sectional area is the appropriate 
quantity. If electrodes were separated by a distance long 
enough for current distribution to be considered predominantly 
uniform, then conductance becomes directly proportional to 
area (stationary conductance in the case of blood). Where 
this cannot be assumed* a calibration provides the required 
relationship.
Four catheters* of diameter 1.2 mm but with various 
electrode spacings (dimension L in Fig 8.1), were used for 
an initial calibration test using half-strength physiological 
saline solution at 20°C. The resistance between leads was 
measured with the catheter tip immersed in the saline reservoir.
Movement of the tip produced no significant change in the 
measured value* unless the tip was brought close to the walls 
or surface. Each catheter in turn was inserted in conductivity 
cells of various diameters* each cell containing saline 
solution* and the resistance was again measured. Calling 
these values Rq and R respectively* the ratio Rq/r was 
plotted as a function of internal diameter. The ratio Rq/R 
(essentially the conductance ratio) was used rather than the 
inverse (essentially the resistance ratio) in order to obtain 
a more linear characteristic. The separation between electrodes 
had an influence on these characteristics* and since the slope 
is an indication of sensitivity* it is apparent that a close 
spacing is preferable for narrow bore vessels* and a wider 
spacing for larger vessels.
The measurements were repeated for a catheter with medium 
spacing using blood* and the results* obtained at 20°C and 
37°C* were compared with those previously obtained using 
saline. Curves are shown in Figs 8.7a and c. Good correlation 
was obtained at smaller diameters in each case* but at the 
larger diameters there were some discrepancies. This is 
attributed to there being no arrangement included* at this 
stage* for positive location of the catheter head along the 
wall of the flow tube. Provision of positive location, by 
a heat-formed bend in the catheter head, would go a long way 
to removing these discrepancies. In vivo* these measurements 
would be taken at diastole.
Again* this suggests the use of close spacing of 
electrodes for determination of small diameters* and large 
spacing (or larger diameter catheters) for larger diameters.
An exception to this rule would occur* however* if it was 
desired to examine the variation of diameter, or cross- 
sectional area* along a length of the flow vessel. This
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could be accomplished by slowly withdrawing the catheter 
and plotting variation in conductance as a function of 
distance withdrawn. In blood vessels, again the diastolic 
values would be taken. In order to be able to follow the 
variations reasonably closely, close spacing of electrodes 
is indicated.
The effect of variation of diameter on the conductance - 
flow effect is shown in Figs 8.7b and d. The way in which 
the effect increases with decreasing diameter is very similar 
to that found previously when performing tests with 
conductivity cells. It may be seen that the performance of 
a catheter with two ring electrodes, one downstream of the 
other, is closely comparable to that of a conductivity cell 
with longitudinal electrodes, where the inner diameter of 
the conductivity cell is similar to that of the flow vessel 
containing the catheter.
JLJL Effect of electrode separation.
The 1.2 mm catheters used in the previous tests were 
used to investigate the effect of electrode spacing on the 
conductance - flow effect. They were inserted, in turn, in 
a conductivity cell arranged in a blood circuit, so that 
readings for the conductivity cell could be obtained in 
addition to those from the catheters. The effects of electrode 
separation in vessels of 2.8 mm and 5*75 mm internal diameter 
were investigated in this way.
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Fig 8.8a shows the effect of electrode spacing in the 
smaller diameter cell. The conductance - flow effect was 
reduced at close spacing, this being due to the current path 
having a relatively small fraction of its length parallel to 
the flow axis. It has already been shown that the conductance - 
flow effect is anisotropic, having its maximum in the 
direction of flow. At increased spacing, the fraction of the 
current path path parallel to the flow axis increases, and in 
consequence the conductance - flow effect would be 
correspondingly increased. This was found to be the case.
At a separation of about 4 mm in the 2.8 mm tube, a constant 
value was reached, where the major part of the current path 
was parallel to the flow axis.
The curves obtained for the larger diameter cell are 
of similar form, but a greatly increased spacing was 
required before a constant value for the conductance - flow 
effect was obtained. Values for the effect obtained from 
measurements with the catheter of greatest electrode 
separation were found to be somewhat more than the corresponding 
values obtained from the conductivity cell electrodes. This 
was again probably due to the presence of the catheter 
reducing the effective flow cross-sectional area.
8.6 Other applications.
Methods of insertion or application of electrodes may 
be varied in several ways. In addition to catheter techniques, 
a method similar to that used with the electromagnetic flow­
meter may be used . A device suitable for this application 
is illustrated in Fig 8.9c. It consists essentially of a pair 
of electrodes in the form of bands or clips forming a
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longitudinal system. The impedance of the vessel wall is 
included as a constant term in the measurement, and this 
would present a further reason for the use of high frequencies, 
since it in effect adds to electrode impedance. Such a device 
would be applicable to measurements where the vessel is 
exposed during surgery, but where invasion of the circulation 
is undesirable. Measurement of the internal diameter of the 
vessel would also be possible with this device, since the 
conductivity of blood is about three times that of the 
tissue of the vessel wall, and deposits on the wall, in an 
atherosed condition, would have an even lower conductivity.
The insertion of electrodes mounted on syringe needles 
would be advantageous where minimum interference with the 
circulation is required. This would be possible for vessels 
close to the body surface, but even in this case precise 
location of the electrodes would present problems. If a pair 
of needles themselves formed the electrodes, and these 
traversed the vessel from side to side, then location would 
be more positive, but this gives rise to the danger of 
thrombus formation.
A preferable method may be to take measurements of 
resistance during insertion of each needle, a sudden drop 
in resistance indicating that the needle being moved has 
just made contact with the blood stream. Both needles must 
be applied together, with movement being in small steps 
applied to each needle alternately. This method could also 
be used for insertion of needles for other purposes. The 
use of needles as electrodes is a very simple application, and 
it may prove to be a very powerful method of detecting, 
rather than measuring, flow. For example, it is very 
desirable in certain circumstances to be able to determine 
whether an arterial blockage is partial or complete. This 
would be a simple matter using needle electrodes.
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In all cases of flow measurement, it may be desirable 
to measure average flow rate, instantaneous flow rate or 
to display the flow variation as a wave shape on an oscillo­
scope. Each of these is possible using conductance methods.
8.7 Concluding comments.
Conductance methods have not, as yet, been utilised 
to any great extent for the clinical measurement of flow, 
but the use of high frequencies, and the avoidance of 
difficulties arising from electrode polarization, would 
enable these methods to become usefully employed. 
Catheterization techniques have been investigated and the 
results are included in this chapter. It has been shown that 
their performance is very comparable to that of conductivity 
cells discussed earlier. Location problems common to many other 
catheter techniques are easily solved in the case of 
conductance catheters by the use of a bend in the catheter 
head, forcing it up against the wall.
The use of conductance measurements to determine vessel 
internal diameters or cross-sections may become an important 
application. Here again, the use of a heat-formed bend in the 
catheter head is useful in giving positive location. Errors 
may occur due to differences in current distribution when 
calibrating and when measuring. These may be avoided by 
choosing a calibrating liquid (conveniently salirie solution) 
of conductivity close to that of blood. Half-strength 
physiological saline, as used here, may be a little strong 
for this purpose. Errors due to non-circular bores may occur, 
but since such bores would be most likely to be extreme in 
advanced atheroma, where large variations in cross-section 
would be expected along the length of the vessel, such errors 
would become tolerable.
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W L W D
Leads Nylon Tubing Silver Ring Electrodes
D W L
Catheter Type A 1.2mm 1mm 3.5mm
B 1.2 1 12
C 1.2 1 1
D 1.2 1 5-5
Fig 8.1 Details of catheter dimensions.
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% Change
a r /r
Table 8.1.1Cell No. 5.
10 20 C.
8
6
Catheter Al.
4
2
0
0.01 0. 1 1 10
Frequency - MHz.
% Change 
a r /r
Table 8.1.1 
37°C.
Cell No. 5.10
8
6
4
Catheter Al
2
0
0.01 0.1 1 
Frequency - MHz.
10
Fig 8.2a Conductance - flow effect as a function of 
frequency. Catheter Al in Cell No.5*
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% Change 
ar/r
% Change 
AR/Rg
Fig 8. 2b
Table 8.1.28 Cell No.5.
20 C.
6
4
Catheter Al
2
0
100. 1 10.01
Frequency - MHz.
Table 8.1.2
Cell No.5-8
6
4
Catheter Al
2
0
100.01
MHz.Frequency
Conductance - flow effect as a function of 
frequency. Catheter Al in Cell No.5*
- 291 -
Capacity
C - pF 
— § _
250
200.
150 J
100.
Log Cs
50
0
Table 8.1.1
20 C.
1— r-|— t— i  n-rH'Hi— 1— l— 1— r » r'TT^i— »— i— «— i i i «!■*]—
0.01 0.1 1 10
Frequency - MHz.
.0
Table 8. 1.1
\ \
20 C.
0
1 42 3
Log f (f in kHz).
Fig 8.3 Capacitance - frequency characteristics of 
Catheter Al in Cell No.5*
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% Change 
a r /r' s
% Change 
AR/Rs
Fig 8.4a
Catheter A2. Table 8.2.1
20 C.
14-
Cell No. 6.
10
4-
2“
1 100.01 0. 1
Frequency - MHz.
Catheter A2. Table 8.2.1
37 C.
Cell No.6
12“
10*
8-
0.01 0.1 1 10
Frequency - MHz.
Conductance - flow effect as a function of 
frequency. Catheter A2 in Cell No.6.
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% Change
ar/r s
% Change
_a r a s_
Fig 8.4b
Table 8.2.2Catheter A2.12
20 C.
10
8 Cell No.6
6
4
2
0
0.01 0. 1 101
Frequency - MHz.
Table 8.2.2Catheter A214
12
10
Cell No.68
6
4
2
0
0 . 01 1 100. 1
Frequency - MHz.
Conductance - flow effect as a function of 
frequency. Catheter A2 in Cell No.6.
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Capacity 
C - pF
-  s
Log Cs
Fig 8.5
250
200.
150.
.1 0 0 -
50-
0
Table 8.2.1
37 C
20 C
—I— |--1—\ t I v y 11---8— !-- 1 ' |" TT'*rr|--»— I-1— |— 8 | 8 I • [”■
0.01 0.1 1 10
Frequency - MHz.
3.0-
2. 5-
2.0
1.5-
1.0
Table 8.2.1
37°C
37 C20 C
nr ---- 1--------1—
2 3
Log f (f in kHz).
Capacitance - frequency characteristics of 
Catheter A2 in Cell No.6.
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1.0 •
Table 8.3.1 
300 kHz.
20°C.
Ratio
R /R o' _
0.8
0. 6
0.4
0.2 •
® Cath.Cl 
&■ Al
▼ D1
0 B1
1 mm
0 — i------j------ o----- j—
6 8 10 12 
Cell Diameter mm.
0 14 16
Fig 8.6 Calibration of catheters in haIf-strength 
physiological saline solution at 20°C. 
showing effect of bore of flow tubes.
The catheters were inserted in conductivity 
cells of different diameters for this test, 
simulating the effect of varying flow vessel 
diameter.
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Ratio
R /R o' s
1.0-
0. 8 .
0. 6 ■
0.4
0 . 2
Catheter Al 
Tables 8.3.1
S. 3.2
100 kHz (blood). 
300 kHz (saline).
^ Blood 3 7 C. 
a Blood 20°C.
® Saline 20°C.
0
0
T------J------J------!----- 1---
4 6 8 10 12
Flow tube diameter - mm.
14 16
Fig 8.7a
% Change 
a r /r
Fig 8.7b
Catheter Al
37 C
100 kHz.
10 ■
20 C
T
0 4 6 8 10 12 
Flow tube diameter - mm.
14 16
Fig 8.7 Variation of conductance and conductance - flow
change with flow tube bore, showing how conductance 
variation may be used to determine vessel bore.
(cont.)
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l.oj
0 . 8 ■
Ratio
R /R o' s
0 . 6
0.4
0 . 2
0
0
Fig 8.7c
% Change
12
*0
8
6
a r /r  4
.__' s
0
Catheter Al 
Tables 8.2.1
100 kHz (blood). 
300 kHz (saline).
V Blood 37 C. 
^ Blood 20°C.
© Saline 20°C.
T T — I------1—
4 6 8 io 12
Flow tube diameter - mm.
Flow tube diameter - mm.
1----r—
14 16
Catheter Al 
Table 8.3-3 
100 kHz.
37 C
TTT
10 12 14 16
Fig 8.7d
Fig 8.7 (cont.)
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a r /r
12
10
8
Catheters A2.B1
6 Table 8.4.1
100 kHz.
4
2
0
6 80 2 4 10 12
Electrode separation L - mm.
14 
12
10
8
% Change 
a r /r 6 
■ • §*.
0
m
Catheters A2,B1
---------- Ci,M.
Table 8.4.2 
100 kHz.
2 4 6 8 
Electrode separation L - mm.
10 12
Fig 8.8a Effect of electrode separation. Catheters in 
Cell No.6, 2.8 mm bore.
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% Change
AR/R
10 -
37 C
Catheters A2,B1 
C1.D1 
Table 8.1.3 
100 kHz.20 C
10
Electrode separation L - mm.
10 -
37 C
% Change
a r /r Catheters A2.B1
Cl,D1
Table 8.A.A 
100 kHz.
20 C
6 84 10 120 2
Electrode separation L - mm.
Fig 8.8b Effect of electrode separation. Catheters in 
Cell No. 5* 5-75 mm bore.
- 300 -
Fig 8.
(a)
(b)
(c) End View
Applications of measurement of conductance and
conductance change of blood.
(a) Flow catheter showing method of ensuring head 
is adjacent to wall of vessel.
(b) Use of catheter to indicate changes in cross- 
sectional area of atherosed artery. Can also 
be used for measuring extent of partial 
blockages.
(c) Detection of motion of blood and/or cross- 
sectional area without invasion of artery.
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Table 8.1.1 Frequency response of catheter Type A
in 5« 85 mm flow tube.
(a) Temperature = 20°C.
(i) Catheter Al.
f Hz Rm Rs AR *R/Rg Cm Cs AC A C/C' s
25k 759 820 61 7.4% 400 400 0 0
50 75 2 810 58 7.2 200 200 0 0
75 745 806 61 7.6 150 160 10 6. 0%
100 740 802 62 7-7 130 142 12 8.5
200 736 795 59 7.4 116 128 12 9-5
300 727 777 50 6.4 109 121 12 10.0
500 710 753 43 5.7 100 112 12 10.5
1M 661 688 27 3.9 100 105 5 5.0
2 591 608 17 2.8 82 85 3 3. 5
4 506 512 6 1.2 69 70 1 1.5
8 392 392 0 0 57 57 0 0
(ii) Cell No. 5* (5.85 mm dia.) (for comparison).
f Hz Rm Rs A R
AR/Rs Cm Cs AC AC/C ' s
25k 2026 2205 179 8.1% 100 100 0 0
50 2001 2183 182 8.3 57 60 3 5.0%
75 1985 2174 189 8.7 44 48 4 8.5
100 1965 2147 182 8.5 37 41 4 10.0
200 1925 2092 167 8.0 33 37 4 11.0
300 1899 2052 153 7.5 29 33 4 12.0
500 1854 1994 140 7.0 25 30 5 16. 5
1M 1718 1809 91 5.0 21 23 2 8.5
2 1529 1577 45 3.0 15 16 1 6.0
4 1322 1342 20 1.5 10 10 0 0
8 1137 1137 0 0 6 6 0 0
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Table 8.1.1 (cont.)
(b) Temperature = 37°C.
(i) Catheter Al.
f Hz Rm Rs AR AR/Rg Cm Cs AC AC/Cs
25k 549 587 38 6. 5% 550 550 0 0
50 546 580 34 5.9 250 250 0 0
75 551 586 35 6.0 180 182 2 1.0#
100 55 0 585 35 6.0 148 154 6 4-0
200 546 579 35 5.7 127 132 5 4.0
300 542 575 33 5-7 108 120 12 10.0
500 529 562 33 5.9 106 119 13 11.0
1M 502 529 27 5.1 100 106 6 5-5
2 469 484 15 3-1 81 87 6 7.0
4 394 398 4 1.0 66 68 2 3.0
8 317 317 0 0 51 52 1 2.0
(ii) Cell 5.
f Hz Rm Rs a r
AR/R ' s Cm Cs AC a C/C' s
25k 1398 1527 129 8. 5% 93 93 0 0
50 1398 1527 129 8.5 45 52 7 13. 5%
75 1412 1534 122 7-9 36 42 6 14. 5
100 1403 1532 129 8.4 35 42 7 16. 5
200 1354 1474 120 8.1 32 39 7 18.0
300 1356 1464 108 7-4 30 37 7 19-0
500 1331 1436 105 7.3 27 33 6 18.0
1M 1273 1339 66 4.9 23 27 4 15.0
2 1153 1181 28 2.4 17 19 2 10.5
4 1008 1021 13 1.3 11 12 1 8.5
8 886 886 0 0 7 7 0 0
Sample No. H62.
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Table 8.1.2 Frequency response of catheter Type A
in 5» 85 mm flow tube.
(a) Temperature = 20°C.
(i) Catheter Al.
f Hz Rm Rs R R/Rs Cm Cs C C/C '  s
25k 737 785 48 6.1% 500 500 0 0
50 730 778 48 6. 2 320 320 0 0
75 728 773 45 ■5.8 275 275 0 0
100 731 780 49 6.3 263 263 0 0
200 713 757 44 5.8 235 235 0 0
300 701 743 42 5.7 230 230 0 0
500 666 707 41 ■5.8 212 215 3 1 . 5%
1M 590 620 30 4.8 187 192 5 2. 5
2 486 499 13 2.6 155 159 4 2.5
4 383 384 1 0.3 125 125 0 0
8 237 237 0 0 110 110 0 0
(ii) Cell No. 5* (5*85 mm dia.) (for comparison).
f Hz Rm Rs R r /r' s Cm Cs C c/c' s
25k 2022 2153 131 6.1% 115 105 -10 - 9 . 5%
50 1998 2123 125 5.9 66 62 -4 -6.5
75 1996 2121 125 5-9 50 50 0 0
100 1985 2108 123 5.8 41 40 -1 -2. 5
200 1955 2079 124 6.0 37 37 0 0
300 1919 2043 124 6.1 33 33 0 0
500 1873 1987 124 6. 2 30 30 0 0
1M 1743 1841 98 5. 3 23 24 1 4.0
2 1545 1612 67 4.2 16 17 1 6.0
4 1348 1365 17 1.2 11 11 0 0
8 1134 U 3 4 0 0 7 7 0 0
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Table 8.1.2 (cont.)
(b) Temperature 37°C.
(i) Catheter Al.
f Hz Rm Rs AR aR/r s Cm Cs AC AC/Cs
28k 543 578 35 6.1% 600 600 0 0
50 534 569 35 6.1 400 400 0 0
75 531 566 35 6. 2 318 308 -10 -3.0#
100 527 563 36 6.4 295 288 -7 -2. 5
200 520 554 34 6. 2 253 253 0 0
300 508 542 34 6. 3 238 240 2 1.0
500 490 523 33 6.3 222 225 3 1.5
1M 445 471 26 5.5 198 200 2 1.0
2 383 398 15 3-8 162 166 4 2. 5
4 307 314 7 2. 2 131 132 1 1.0
8 269 269 0 0 117 117 0 0
(ii) Cell No. 5-
f Hz Rm Rs a r a r /r Cm Cs AC AC/C ' s
25k 1463 1565 102 6 . 5% 130 130 0 0
50 1451 1554 103 6.6 73 74 1 1.5%
75 1438 1541 103 6.7 59 59 0 0
100 1406 1506 100 6.6 50 50 0 0
200 1380 1480 100 6.7 39 39 0 0
300 1377 1472 95 6.5 36 36 0 0
500 1348 1438 90 6.3 33 34 1 3.0
1M 1281 1362 81 5.9 27 30 3 10.0
2 1151 1215 64 5- 3 20 22 2 9.0
4 1010 1036 26 2. 5 14 15 1 7.0
8 881 881 0 0 9 9 0 0
Sample No. H63*
Table 8.2.1 Frequency response of catheter Type A
in narrow bore flow tube (2.8 mm).
(a) Temperature = 20°C.
(i) Catheter A2.
f Hz Rm Rs A R *R/Rg Cm Cs
AC AC/C ' s
25k 1772 2078 306 U - 7 % 248 235 -13 -5. 5%
50 1760 2055 295 14.4 168 157 -11 -7.0
75 1731 2016 285 14.0 155 150 -5 -3.5
100 1718 2010 292 14.5 140 138 -2 -1.5
200 1765 2028 263 13.0 138 134 -4 -3.0
300 1721 1974 253 12. 8 131 130 -1 -1.0
500 1634 1877 243 12. 9 123 123 0 0
1M 1422 1634 212 13.0 112 113 1 1.0
2 1163 1301 138 10. 6 85 94 9 9.5
4 954 998 44 4.4 79 82 3 3. 5
8 593 615 22 3.6 70 70 0 0
(ii) Cell No. 6A. (2.8 mm dia.) (for comparison).
f Hz Rm Rs A R AR/Rs Cm Cs
AC AC/C' s
25k 2634 3032 398 13. 1% 50 43 -7 -16.0#
50 2633 3038 405 13.4 33 32 -1 -3.0
75 2633 3038 405 13.4 28 28 0 0
100 2633 3036 403 13.2 24 27 3 11.0
200 2644 3031 387 12. 8 21 22 1 4 . 5
300 2637 3004 367 12.2 19 20 1 5.0
500 2586 2948 362 12. 3 17 18 1 5.5
1M 2325 2641 316 11.9 16 17 1 6.0
2 2079 2313 234 10. 1 13 14 1 7.0
4 1861 1987 126 6.3 10 10 0 0
8 1605 1656 51 3.1 7 7 0 0
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Table 8.2.1 (cont.)
(b) Temperature = 37°C. 
(i) Catheter A2.
f Hz Rm Rs a R AR/Rg Cm cs AC AC/C ' s
25k 1341 1600 259 16. 2% 280 258 -22 -8 . 5%
50 1330 1589 259 16. 3 185 172 -13 -7. 5
75 1320 1583 263 16.6 164 154 -10 -6. 5
100 1303 1560 257 16.5 146 148 2 1.5
200 1258 1508 250 16.6 127 128 1 1.0
300 1224 1468 244 16.6 119 122 3 2. 5
500 1175 1404, 229 16. 3 110 112 2 2.0
1M 1063 1231 168 13.6 100 102 2 2.0
2 954 1057 103 9.8 85 87 2 2.5
4 793 858 65 7.6 76 78 2 2. 5
8 i 533 560 27 4.8 67 68 1 1.5
(il) Cell No. 6A.
f Hz Rm Rs AR AR/Rg Cm Cs AC AC/Cs
25k 1940 2289 349 15 . 2% 82 72 -10 -14.0$
50 1937 2286 349 15. 2 46 54 8 1-5.0
75 1949 2287 338 14. 8 35 45 10 22. 0
100 1939 2283 344 15.0 31 32 1 3.0
200 1 1923 2249 326 14.5 25 26 1 4-0
300 1905 2233 328 14. 6 24 25 1 4.0
500 1861 2171 310 14.3 21 22 1 4. 5
1M 1709 2000 291 14.5 20 21 1 5-0
2 5 1545 1759 212 12. 1 15 16 1 6.0
4 1373 1502 129 8.6 10 11 9-0
8 1213 1263 50 4.0 7 7 0 0
Sample No. H68.
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Table 8.2.2 Frequency response of catheter Type A
in narrow bore flow tube (2.8 mm).
(a) Temperature = 20°C.
(i) Catheter A2.
f Hz Rm Rs AR AR/Rs Cm Cs AC AC/C■ s
25k 1670 i860 190 10. 2% 195 177 -18 -10.0#
50 1650 1850 200 10. 8 124 116 -8 -7.0
75 1637 1830 193 10.5 110 104 -6 -6.0
100 1637 1828 191 10.4 97 100 3 3-0
200 1611 1807 196 10. 8 87 88 1 1.0
300 1575 1748 173 9.9 82 84 2 2.5
500 1531 1698 167 9-8 78 80 2 2. 5
1M 1372 1499 127 8.5 72 73 1 1.5
2 1223 1313 90 6.8 63 64 1 1.5
4 1046 1097 51 4. 6 56 57 1 2.0
8 769 785 16 2.0 50 50 0 0
(ii) Cell No. 6A. (2.8 mm dia.) (for comparison).
f Hz Rm Rs
A R AR/Rg Cm Cs AC AC/C ' s
25k 2454 2 755 301 10.9$ 63 88 25 28. 5%
50 2423 2727 303 11.1 38 50 12 24.0
75 2424 2709 285 10.5 29 32 3 9. 5
100 2409 2695 286 10. 6 28 31 3 9.5
200 2364 2621 2 55 9.7 22 25 3 12.0
300 2335 2578 243 9.4 22 24 2 8.5
500 2277 2513 236 9.4 20 22 2 9.0
1M 2133 2335 202 8.7 20 21 1 5-0
2 1944 2093 149 7. 1 15 15 0 0
4 1722 1838 116 6.3 11 11 0 0
8 1546 1581 35 2. 1 8 8 0 0
Table 8,2.2 (cont.)
(b) Temperature = 37°C.
(i) Catheter A2.
f Hz Rm Rs AR AR/Rs Cm Cs AC AC/Cs
25k 1220 1390 170 12. 2% 215 213 - 2 - 1.0%
50 1217 1383 166 12.0 142 142 0 0
75 1217 1381 I64 11.9 128 130 2 1.5
100 1219 1387 168 12. 1 110 112 2 2.0
200 1208 1353 145 10. 7 100 105 5 5.0
300 1193 1328 135 10. 2 92 100 8 8.0
500 1168 1295 127 9.8 87 90 3 3-5
1M 1056 1156 100 8.6 83 85 2 2.5
2 981 1045 64 6.1 73 76 3 4.0
4 848 900 52 5.8 67 70 3 4-5
8 613 633 20 3.2 58 61 3 5.0
(ii) Cell No. 6A.
f Hz Rm Rs
AR AR/Rs Cm Cs AC AC/Cs
25k 1795 2010 215 10. 7% 108 90 -18 -20.0$
50 1788 2002 214 10. 7 72 69 -3 -4. 5
75 1778 1990 212 10. 6 42 56 14 25.0
100 1785 1999 214 10. 7 34 38 4 10.5
200 1755 1956 201 10. 3 25 28 3 10. 5
300 1738 1935 197 10. 2 24 27 3 11.0
500 1715 1912 197 10. 3 22 23 1 4.5
1M 1580 1752 172 9.8 21 22 1 4.5
2 1449 1581 132 8.3 16 17 1 6.0
4 1307 1384 77 5- 6 12 13 1 7.5
8 1200 1223 23 1.9 9 9 0 0
Sample No. H70a.
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Table 8.3 Effect of flow tube bore on catheter performance.
Use of catheters to measure bore of flow tube.
Table 8.3«1 Catheters in saline solution (0.45$ w/v).
Temperature = 20°C5 frequency = 300 kHz.
Cath.
No.
Flow
Tube Dia. Resistance Ratio R /R 0
Al 
L=3. 5mm
Cell No.6A 
5 
10 
11
2. 8mm
5.75 
9-7 
16. 2
R = 1261 
513 
403 
362
0. 225
0. 555 
0.705 
0.785
Reservoir R = 284 0
B1 
L=12mm
Cell No.6A 
5 
10 
11
2. 8mm
5.75 
9.7 
16. 2
R = 2320
865
542
410
0.130 
0. 345 
0.550 
0.730
Reservoir R = 298 0
Cl 
L = 1mm
Cell No.6A
5
10
11
2. 8mm 
5.75 
9-7 
16. 2
R = 639 
355 
302 
279
0.375 
0. 680 
0. 800 
0. 865
Reservoir R = 241 0
D1
L=5.5mm
Cell No.6A
5
10
u
2. 8mm
5.75 
9.7 
16. 2
R = 1370 
576 
450 
395
0.230
0.545
0. 695
0.795
Reservoir Ro = 313
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Table 8.3*2 Catheter Type A in flowing blood.
(a) Temperature = 20°C, frequency = 100 kHz.
Flow tube Dia. Rm Rs AR
ar/r
s Ratio R /R o' s
Cell No. 6A 2. 8mm 1541 1685 144 8. 5% 0. 215
5 5.75 654 688 34 4-9 0.525
10 9-7 507 521 14 2.7 0.695
11 16. 2 453 462 9 2.0 0.785
Reservoir R = o 363
(b) Temperature = 37°C.
Flow tub e Dia. Rm Rs AR
a r/r
s Ratio R /R o s
Cell No.6A 2. 8mm 1086 1207 121 10.0$ 0. 220
5 5.75 477 496 19 3.8 0. 535
10 9-7 392 401 9 2. 2 0.675
11 16. 2 313 318 5 1.6 0. 835
Reservoir R = o 266
Sample No. H65*
Catheter Al, L = 3*5 mm.
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Table 8.3*3 Catheter Type A in flowing blood.
(a) Temperature = 20°C, frequency = 100 kHz.
Flow tube Dia. Rm Rs AR AR/Rs Ratio R /R o s
Cell No.6A 2. 8mm 1662 1827 165 9.0$ 0. 215
5 5-75 726 7 67 41 5-4 0.510
10 9-7 566 577 11 1.9 0.675
11 16. 2 525 533 8 1.5 0.730
Reservoir R = o 390
(b) Temperature = 37°C.
Flow tube Dia. Rm Rs
AR AR/Rs Ratio R /R o s
Cell No. 6A 2. 8mm 1254 1383 129 9.4$ 0. 205
5 5-75 485 511 26 5.1 0. 560
10 9-7 390 400 10 2.5 0.715
11 16. 2 348 353 5 1.4 0. 810
Reservoir R = o 286
Sample NO. Il66.
Catheter No. Al, L = 3*5 mm.
Table 8.4«1 The effect of electrode separation on catheter
sensitivity. Flow tube bore, 2.8 mm.
Frequency = 100 kHz.
Flow tube, Cell No. 6A, 2.8 mm bore.
Catheter
Sep.
L
Temp. II 10 0 0 0 Temp = 37°C.
Rm Rs a R *R/Rs Rm Rs AR ar/r ' s
Cl 1mm 730 794 64 8. 1% 556 611 45 7. Mo
A2 3.5 1692 1891 199 10.5 1278 1421 143 10.1
D1 5.5 1725 1921 196 10. 2 1255 1400 145 10. 3
B1 12 3583 4002 419 10.4 2796 3096 300 9.7
Cell 6A
-
2498 2780 282 10. 1 1887 2060 173 8.4
Sample No. H69.
Table 8.4.2 Repeat of previous test.
Frequency = 100 kHz.
Flow tube, Cell No. 6A, 2.8 mm bore.
Catheter
Sep.
L
Temp. = 20°C. Temp. = 37°C.
Rm Rs
A R a r/r s Rm Rs AR
a r /r
s .
Cl 1mm 683 768 75 9.9$ 509 559 50 8.9$
A2 3-5 1686 1908 222 U. 7 1227 1393 166 11.9
D1 5.5 1758 1997 239 12.0 1237 1401 I64 11.7
B1 12 3606 4049 443 11.0 2596 2962 366 12. 3
Cell 6A 2477 2764 28 7 10.4 1772 2010 248 12.4
Sample No. H70.
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Table 8.4.3 The effect of electrode separation on catheter
sensitivity. Flow tube bore, 5-75mm.
Frequency = 100 kHz.
Flow tube, Cell No. 5> 5 - 75 mm bore.
Catheter
Sep.
L
Temp. II to O O O Temp. = 37°C
Rm Rs AR *R/Rs Rm Rs
AR AR/Rs
Cl 1mm 476 493 17 3.455 353 373 20 5.4$
A2 3.5 837 877 40 4. 6 628 668 40 6.0
D1 5.5 796 838 42 5.0 588 635 47 7.3
B1 12 1171 1272 101 7.9 876 969 93 9.6
Cell 5 1879 1987 118 5.9 1350 1456 106 7.3
Sample No. H71.
Table 8.4.4 Repeat of previous test.
Frequency = 100 kHz.
Flow tube, Cell No. $, 5*75 mm bore.
Catheter
Sep.
L
Temp. = 20°C Temp. = 37°C
Rm Rs <AR AR/Rs Rm Rs
A R AR/Rs
Cl 1mm 495 510 15 2.9$ 388 400 12 3-0^
A2 3.5 892 920 28 3.0 635 667 32 4.8
D1 5.5 836 871 35 4.0 610 643 33 5. 1
B1 12 1161 1250 89 7. 1 871 948 77 8. 1
Cell 5 1847 1949 102 5-2 1312 1384 72 5. 2
Sample No. H72.
- 3 H
Chapter 9.
Assessment of results.
Summary
The characteristics of the conductance change in 
flowing blood are summarized, and this leads to a 
consideration of the various theories proposed to account 
for this effect in the light of the results obtained here. 
The most probable mechanism, a form of distortion of eryth­
rocytes in a state of shear, is discussed with particular 
emphasis on its compatibility with the present findings. The 
suggestion is made that the conductance change should be 
regarded as essentially a function of shear rather than 
flow rate.
The rheological implications, including the problem 
of turbulence in blood, are next considered. Finally the 
application of the conductance - shear rate effect to the 
monitoring of blood flow is discussed, and the advantages 
and disadvantages of flowmeters based on this effect are 
listed. The chapter ends with suggestions for further work 
stemming from the work described here.
An appendix includes the derivation of flow profiles 
and other characteristics from Casson's equation.
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Introduction.
The experimental work already described here has 
consisted of an investigation into the electrical impedance 
properties of flowing blood, at frequencies high enough to 
cause electrode polarization effects to become reasonably 
small, but not necessarily negligible. The use of these 
high frequencies and the resultant effect on polarization 
also enabled electrodes of small surface area to be used, 
leading to the possibility of using impedance effects for 
clinical purposes. Arising from these investigations, 
feasibility studies into the use of the impedance properties 
of blood, particularly for flow measurement, were carried 
out.
There is obviously a large amount of work still to be 
done before such devices become a clinical possibility, 
nevertheless a convenient stage has been reached at which 
an assessment of the results obtained to date may be made. 
This assessment will form the basis of this chapter.
ill The character of the impedance of flowing blood.
The results presented in Chapters 6 and 7 have 
established certain properties of the impedance of blood 
flowing in a cylindrical vessel. These are summarized 
below:-
(a) The impedance of blood, measured between a pair of 
electrodes, changes with flow rate.
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(b) The change in the conductance components predominates, 
even though the percentage change in polarization of 
the blood may be large (see section 6.3)* Note: this is
not to be confused with electrode polarization, which is 
reasonably independent of flow.
(c) The percentage change in conductance is reasonably 
constant over a wide frequency range. The lower limit 
of constancy is determined by the degree of electrode
polarization.
(d) The conductance change is anisotropic, being far greater 
in the direction of flow (see section 7*2).
(e) The conductance change is zero in plasma, and increases 
with increasing haematocrit. Smaller, variable effects 
occur with varying temperature (see section 6.6).
(f) The conductance change increases with decreasing bore
of the flow tube, whether measured in the flow direction 
or transversly (see sections 6.10 and 7*5).
(g) Except at high frequencies, the conductance of flowing 
blood is greater than that of stationary blood, 
irrespective of the direction of measurement. At high
frequencies, a reversal was found in wide bore tubes and 
also when using transverse electrodes.
(h) The change in conductance with flow rate is not linear,
the maximum rate of change occurring at low flow rates
(see section 7>7)•
(i) The results obtained with wire electrodes suggest that
the change in conductance with flow rate is not located
solely at the periphery (see section 7*4)* although
tests performed with movable electrodes indicate a steady 
decrease in the effect as the electrodes were moved towards 
the centre line, at lower frequencies. At higher frequencies 
an anomalous reversal effect was noticed (see section 6.8).
(j) The change in conductance appears to occur
simultaneously with increase in flow rate, but if flow 
rate decreases, the change appears to have two 
components, one of which occurs simultaneously, while the 
other takes an appreciable time. This period of time is, 
however, too short to be accounted for by settling of
- 317 -
erythrocytes. Of these two components, the first, 
instantaneous, component appears to account for the 
greatly increased conductance change in the direction of 
flow. The second, slow component appears to be the same in 
magnitude when measured transversly and when measured 
longitudinally. (See sections 6.7 and 7*6).
ill The mechanism of the conductance change.
The various hypotheses purporting to account for the 
impedance change, suggested by previous workers, are listed 
in section 2.8. These theories fall into two distinct groups 
as follows
(a) Those theories concerned with particular properties of 
flowing blood.
(b) Those concerned with particular properties of stationary 
blood.
The dependence of the effect on haematocrit, and also 
its uniqueness (no other medium or suspension appears to 
show this effect when temperature change and sedimentation 
are accounted for) points to the blood cells as the source 
of the change. Since the size and number of the red blood 
cells (erythrocytes) is greatly in excess of that of the 
other cells, then red blood cells only need be considered.
The anisotropy shown by the effect gives a firm 
indication that the effect must be associated with some 
property in flowing blood (as opposed to stationary blood).
A test was performed to establish this beyond doubt. The 
four-electrode flow tube (Cell No.8.) was very carefully 
cleaned with a mild abrasive. The transverse and longitudinal
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electrodes were standardised using half-strength 
physiological saline solution before taking readings with 
blood. This procedure was carried out for each sample. The 
readings taken for each sample of blood comprised resistance 
values for both stationary and moving blood, in both the 
transverse and longitudinal directions. These are shown in 
Table 9-1.
It may be seen that the calculated values of conductivity 
for a particular sample, measured with stationary blood, are 
the same in the transverse and longitudinal directions.
The values for moving blood, however, differ considerably.
Thus it may be deduced that the conductivity of stationary 
blood shows no directional properties, i.e. is isotropic, 
while moving blood shows anisotropic properties.
It must therefore be concluded that theories falling 
into group (b) do not have a major influence on the 
conductance change. This includes such possibilities as 
rouleaux formation, cell clumping, etc., also sedimentation.
Of course such mechanisms may still have a minor effect,and 
may be responsible for the time-lag effect mentioned in the 
previous section.
This leaves three possibilities, associated with effects 
in flowing blood. These are (i) axial accumulation,
(ii) erythrocyte orientation, and (iii) erythrocyte defor­
mation. Each of these theories depends on the conductivity 
of erythrocytes being substantially less than that of plasma. 
This is an experimentally proved fact. (See Fig 6.8, where 
it may be seen that the conductivity of plasma is of the 
order 5 - 7  times that of packed erythrocytes.) It is 
relevant that viscosity also varies with flow, being in fact 
a function of shear rate. It therefore appears to be at the 
least a possibility that the same mechanism might be
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responsible for both effects. Since plasma displays a 
constant viscosity and a constant conductivity with varying 
flow rate, both effects are dependent on the presence of 
erythro cytes.
9■3«1 Axial accumulation.
In a paper previously discussed, BAYLISS (1959) stated 
categorically that axial accumulation was ,Tneither large 
enough, nor extended over a sufficient width of the tube", 
to account for the decrease in apparent viscosity with 
increase in the rate of flow, thus indicating that a further 
mechanism must be sought to explain the viscosity change. It 
has also been shown (LIEBMAN et al, 1962) that to account 
for a conductivity change of the order of 20%, an 
erythrocyte redistribution on a large scale, sufficient to 
produce a parabolic erythrocyte concentration profile, 
would be required. However, it is generally accepted that 
axial accumulation affects only a thin sheath of blood, a 
few microns thick, adjacent to the flow tube wall.
Experiments conducted in this investigation with wire 
electrodes indicate that the conductance change is not 
confined to a narrow sheath, since if this were so, it would 
not be reasonable to expect wire electrodes to produce a 
greater conductance change than flush electrodes, as was 
found in the experiments (see section 7*4)*
It is fairly obvious how axial accumulation could 
cause an apparent decrease in viscosity, since viscosity 
increases with erythrocyte concentration. Shear rate is at 
its maximum near the wall, so a thin sheath of plasma, or 
red cell depleted blood, could have a profound effect on
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the apparent viscosity.
The way in which axial accumulation could affect 
conductance is not so obvious, since conductance is a 
nbulkn effect, and cannot be considered in any one locality 
in isolation. If the conductivity is increased at the 
periphery due to loss of erythrocytes, then it must be 
decreased axially due to gain of erythrocytes.However, in 
stationary blood, where the cells are assumed to be randomly 
distributed, conduction is mainly in the plasma, but each 
cell causes the electric current flow lines to distort. Thus 
the plasma immediately in front of, and immediately behind 
each cell has a lower than average current density, which 
may be regarded as a nshadow,T effect. Packing of cells in 
the axial region in flowing blood would cause the overall 
amount of plasma in the cell "shadows” to be reduced due to 
overlap, thus increasing the overall conductance. Obviously 
axial accumulation must occur on a large scale to have any 
appreciable effect on conductance, and it is difficult to 
see how it could cause the degree of anisotropy on the 
scale found in the results produced in Chapter 7* Further, 
the degree of packing of cells on the flow axis would 
appear to be limited in blood of high haematocrit. However, 
an increase in haematocrit, as described in section 6.6, 
did not give rise to any limiting effect.
It appears that axial accumulation is insufficient, by 
itself, to explain either the viscosity change or the 
conductance change, especially as it is generally recognised 
as being of significance in capillaries only. It should be 
noted, however, that the results described in sections 6.10 
and 7*5 (effect of bore of flow tube) and also in section 
6.8 (movable electrodes) would be compatible with this theory 
if, and only if, axial accumulation took place on a large 
scale.
- 321 -
9.3.2 Orientation of erythrocytes.
This theory assumes the erythrocytes to be disc-shaped 
and rigid. In stationary blood they are assumed to be 
randomly orientated, but in moving blood, subject to cross- 
sectional variation of shear rate, each cell would align 
itself so that the turning moments are balanced and sum to 
zero. The plane of each disc would then be parallel to the 
axis of the flow tube. Although this would result in an 
increase in conductance in the axial direction, a 
corresponding decrease in conductance would occur in the 
transverse direction. Such a decrease has not been detected 
in experiments described here, except at high frequencies, 
where polarization effects would be quite complex. It has 
been shown (LIEBMAN et al, 1962) that the change in 
conductance resulting from orientation would be quite small. 
BLOCH (1962) has shown that the paths of individual cells 
in flowing blood are very complex, with irregular 
orientation. Orientation, as described in this theory, must 
also be regarded as insufficient to account for the 
conductance and viscosity changes in flowing blood.
9.3.3 Distortion of erythrocytes.
That distortion of erythrocytes takes place has been 
established by the photomicrographs of SCHMID-SCHtJNBE IN 
and WELLS (1969) where elongation of erythrocytes in the 
direction of motion (more correctly, direction of shear) 
has been shown to occur. LIEBMAN (1970) showed analytically 
that such distortion in flow is a stable condition. 
Distortion of erythrocytes also explains the progress of 
erythrocytes down very thin capillaries, of internal dia­
meter equal to or less than the diameter of erythrocytes.
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Each cell consists essentially of an elastic membrane 
of poor conducting property, surrounding a liquid interior 
which may be taken to be of constant volume. At rest, each 
cell is disc-shaped ( strictly bi-concave discoid), and thus 
may present an obstruction, large for its volume, to current 
flow. The obstruction depends largely on the profile presented 
to the flow, with its associated Mshadows”. Now if the cell 
exists in a region undergoing shear, it will become 
distorted. If this distortion causes the profile to become 
smaller, then an increase in conductance results. This 
increase may occur in all directions, but to varying extents. 
In addition to the elongation of erythrocytes reported by 
SCHMID-SCHONBEIN and WELLS (ibid), another form of 
distortion has been observed by BLOCH (1962), in which 
some cells in motion appear to become folded about a diameter. 
This would radically reduce the cell profile. Overall 
conductance may,of course, be regarded as a function of the 
mean cell profile.
Distortion of erythrocytes may be expected to occur 
wherever a state of shear exists, and is not limited to the 
peripheral region. It may also be responsible for the 
variation of viscosity with shear rate. It will be shown in 
the next section that the theory of erythrocyte distortion 
is compatible with the experimental results of Chapters 6 and
7.
9.3» 4 Rheological implications.
The connection between conductivity changes and viscosity 
changes in flowing blood has already been suggested. 
Experimental evidence that such a link exists is provided 
by the rapid change in viscosity at low shear rates, and the 
rapid change in conductance at low flow rates. If the theory 
of distortion (including folding) of erythrocytes is accepted,
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then it follows that conductance and conductivity should 
properly be expressed as functions of shear rate. A 
conductivity/shear rate characteristic, if obtainable, 
should be a constant for a given sample of blood, irrespective 
of geometry of flow (but depending on flow direction)• To 
date, no method of producing such curves has been announced.
The variation of viscosity has a considerable effect on 
the velocity profile, causing the Newtonian parabolic 
profile to become flattened at the flow axis, thus producing 
nplugn flow. Such a profile would cause the major changes in 
conductivity to occur towards the periphery, but not to the 
extent required by the axial accumulation theory.On the other 
hand, the existence of even a small degree of shear stress 
may be sufficient to cause some distortion of erythrocytes, 
as shown by the rapid changes at low flow rates, and this 
would tend to spread the conductivity changes across the 
flow cross-section. This is in accordance with the results 
obtained with electrodes of varying separation (section 6.8) 
where it was seen that movement of the electrodes towards 
the flow axis resulted in a steady decrease in the conductance 
flow effect (excepting an anomalous high-frequency negative 
increase). The increased changes in conductance experienced 
with wire electrodes may be attributed in part to the effect 
of the electrodes on the current flow path (Fig 7*4(e)) but 
nevertheless is commensurate with the thick annulus of blood 
undergoing shear expected from the velocity profile and causing 
erythrocyte distortion, but not with the very thin sheath 
expected from the theory of axial accumulation.
It has previously been pointed out that Casson's 
equation may be accepted as an approximation for the 
relationship between shear stress and shear rate in blood.
OKA (1965) used this equation to derive an equation for the 
velocity profile, but failed to use his equation for a flow 
profile plot. The writer has taken this equation, normalized
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it and obtained a plot which forms Fig A9*4 in Appendix A9*
It results in a very pronounced "plug” flow. The relationship 
between maximum velocity (i.e. velocity of the ,rplugfr) and 
plug diameter was also derived and plotted (Fig A9*5)> from 
which it may be deduced that the plug still exists at very 
high velocities ( in the absence of overall turbulence). It 
may also be seen that, for a given pressure gradient, the 
diameter of the plug is independent of the flow tube 
diameter (Equation A9-6). The relation between thickness 
of the layer undergoing shear and pressure gradient for a 
given diameter of flow tube is derived as shown in Fig A9.6.
If the decrease in viscosity as shear rate increases 
is attributed to axial accumulation alone, then since it is 
established that axial accumulation affects at most a very 
narrow region at the vessel wall, then the value of rQ 
would approach r. It will be seen by inspection of Fig 
A9.6 that if rQ becomes large, the maximum velocity becomes 
very small compared to the maximum for Newtonian flow 
under comparable conditions (pressure gradient, flow tube 
diameter etc.)• This leads to a very low flow rate for non- 
Newtonian flow. It is therefore apparent that in all but 
capillaries, rQ must be significantly smaller than r if 
effective flow is to occur and the shear layer must be 
thicker than a few microns.This conclusion concurs with that 
of BAYLISS (1959), who stated that axial accumulation is 
insufficient to account for the decrease in viscosity which 
occurs with increasing shear rate.
It must be remembered that while Casson’s equation may 
be applied to blood on an approximate basis only, and 
deductions from the use of this equation must also be 
accepted on this basis, nevertheless it is empirical in 
nature and hence not based on any of the theories under 
discussion. Deductions from these applications of Casson’s
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equation do not, therefore, depend on anything but 
experimental results, and may in consequence be used as 
evidence in deciding between the various theories. It is 
clear that Casson*s equation is fully compatible with the 
theory of erythrocyte distortion.
It is also clear from the previous discussions that 
the results described in Chapters 6 and 7 point to 
erythrocyte distortion as the most likely cause of both 
the conductance and the viscosity changes with change in 
shear rate. There remains, however, the need for an 
explanation of the increase in percentage change found with 
decreasing flow tube diameter. Assuming a fixed value of 
nplug,f velocity and varying tube diameter, .it is seen from 
equation A9.6 that the plug diameter is fixed. Hence the 
thickness of the layer undergoing shear will vary with tube 
diameter, and the average shear rate in this layer will 
obviously be an inverse function of the thickness, and hence 
of the tube diameter. The distortion of erythrocytes will be 
correspondingly less in tubes of greater diameter, leading to 
a decrease in the overall conductance change.
A further factor which must be mentioned is that in any 
longitudinal arrangement of electrodes, the current flow 
lines are not everywhere parallel to the axis, and hence 
will also include transverse effects (see Fig 7-4)* This 
would tend to decrease the overall change in conductance, 
and is most apparent in the larger diameter flow tubes, 
despite the fact that electrodes were placed farther apart 
in these tubes.
The theories discussed above are also analysed in a 
publication by the writer (FREWER, 1974)*
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9.3« 5 Secondary causes of the conductance change.
It has been seen that, when motion commences,the change 
in conductance takes place immediately, whereas on cessation 
of motion, a rapid change occurs followed by a much slower 
change as the conductance reverts to the stationary value 
(see Sections 6.7 and 7*6). The rapid change was much 
greater in the axial direction compared to the radial 
direction, showing an anisotropic property, while the slower 
change appeared to be the same (within the limits of 
experimental error) irrespective of the direction of 
measurement (see Fig 7*12), This indicates that two separate 
mechanisms at least are involved in the conductance change.
It is significant in this respect that a time lag has 
been observed when measuring viscosity changes at low shear 
rates (COKELET et al 1963, DORMANDY 1974). It has also been 
proposed (DORMANDY, ibid) that the variation of viscosity 
with shear rate is due to two factors, firstly distortion 
of erythrocytes (it was pointed out that nblood remains 
fluid at a red cell concentration of 95%9 while a suspension 
of rigid particles of the same size would already have 
achieved the consistency of a brick at a concentration of 
about 65%u)yand secondly to the presence of fibrinogen, this 
latter being responsible for the high viscosity at low shear 
rates. The action of fibrinogen was thought to be due to its 
effect on aggregation of red cells. Fibrinogen has little 
effect on the viscosity of plasma. MERRILL (1969) suggested 
that fibrinogen concentration is responsible for the 
existence of yield stress 'Ty in blood according to the 
relationship:-
where B is a constant.
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While there is no justification, from consideration of 
the electrical properties of blood, for attempting to define 
the nature of the secondary mechanism responsible for the 
conductance change in flowing blood, it is at least possible 
that the presence of fibrinogen may have a bearing on this 
mechanism. The existence of this secondary mechanism has 
not been detected prior to the present work.
9«3«6 Turbulence.
The problem of turbulence in a long smooth tube 
containing flowing blood is, at the present time, still a 
subject for controversy. It has been noticed that the 
apparent onset of turbulent conditions, as indicated by a 
sharp increase in the pressure gradient when measuring 
pressure/flow relationships, is not accompanied by a corres­
ponding change in the value of measured conductance (COULTER 
and PAPPENHEIMER, 1949)* It was expected that the onset of 
turbulence would result in the reversion of the conductance 
to its stationary value, but this did not occur. This 
apparent anomaly has been commented upon by a large number 
of workers. It has already been pointed out that WEALE (1966) 
queried the existence of the sharp change in the pressure 
gradient found by COULTER and PAPPENHEIMER (ibid).
If the cause of the conductance change is distortion 
of erythrocytes, depending on shear rate, then such 
distortion would exist in turbulent conditions, since shear 
stresses would still exist, but in random directions. Thus 
it would be expected that the conductance would not revert 
to its stationary value, but rather that the conductances 
measured in the longitudinal and transverse directions 
would tend to the same value under turbulent conditions.
This was not investigated or commented upon by COULTER and 
PAPPENHEIMER (ibid), or by any later workers. It was
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verified by the writer that no further changes of conductance 
appear to take place, either longitudinally or transversly, 
at very high flow rates, even with pulsatile flow, which 
certainly would not aid stability of laminar flow.
A two-phase system was proposed by COULTER and 
PAPPENHEIMER (ibid), with turbulence occurring (according 
to rate of flow) in the outer region, while laminar flow 
persisted in the central (plug flow) region. A somewhat 
similar system was proposed by WEALE (1966), containing 
a "slow component rolling between axis and vessel wall”.
It has been mentioned in Chapter 3 that this rolling motion 
may be explained by a reversal of flow at the boundary, 
giving an effect well known in flow problems outside the 
field of blood flow, termed "boundary layer separation" 
(SCHLICHTING, 1968) • If such a mechanism does occur, then 
increasing flow would be accompanied by a widening of the 
boundary layer, with plug flow persisting in the central 
region, surrounded by a layer in which shear stress exists 
and maintaining the conductance changes, both longitudinally 
and transversly.
The "mixed flow" suggested by BLOCH (1962) (see Section 
3.9), presumes that each cell follows a complex path,but 
with an overall forward motion, at all flow rates, and that 
neither pure laminar nor turbulent flow occurs at all.If 
this is a true description of blood flow, then the predominant 
forward component of motion of each cell would give rise to 
a major decrease of conductance measured in the forward 
(longitudinal) direction due to elongation of cells. However, 
the lesser, radial component of motion would give rise to 
some decrease in the transverse conductance, but not to the 
extent of the forward decrease. To this extent, Blochfs 
theory is supported by the results of this present 
investigation. Nevertheless, it is difficult to explain the 
dependence of conductance change on flow tube diameter in 
terms of this theory.
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2 i ±  Clinical applications.
9.4.1 Advantages and disadvantages of devices based on 
conductance change for monitoring blood flow.
Advantages of devices based on conductance change, 
using high frequencies and small electrodes, for monitoring 
blood flow, are as follows:-
(i) The sensitivity is high at very low flow rates, and 
this would be particularly useful for indicating 
seepage past major obstructions in the larger arteries,
e.g. carotid blockages, and possibly the escape of blood 
after surgery or through haemorhaging.
(ii) Catheter heads for these devices would be very simple, 
and in clinical use would be cheap and disposable.
(iii)Their simplicity leads to the use of this method in 
the narrowest possible catheters. The writer has 
constructed experimental catheters of external diameter
1.2 mm, without using any special tools, jigs etc., and 
without any special skills. There is no doubt whatever that 
this diameter could be considerably reduced, and such devices 
could then be used to investigate flow in situations 
impossible for other forms of flowmeter, in particular 
in very narrow vessels.
(iv) Catheters based on this effect have the additional 
advantage that they can be used for monitoring
the internal average diameter of blood vessels. Such 
a measurement is an urgent requirement at this time.
(v) There is the possibility of using alternative forms,
for example, a form similar to that of the electromagnetic 
flowmeter head, not requiring invasion of the circulatory 
system, is feasible. The use of needle electrodes is a 
possibility. Both types include the facility for measurement 
of internal average diameter or cross-section.
(vi) With suitable signal processing, flow waveforms could 
be obtained without much difficulty.
- 330 -
There are also certain disadvantages, these being:-
(i) The non-linearity of the conductance change with flow 
rate (although reasonable linearity would be obtained at 
low flow rates, and for small changes in flow rate).
(ii) The dependence of the effect on haematocrit, requiring 
calibration for each patient, and also on vessel diameter. 
However both these dependencies may be usefully employed
as a means of determining these quantities.
9.4.2 Fields of application of conductance measurements.
It is clear from the foregoing that, while conductance- 
change devices show promise for certain types of measurement, 
some of which were mentioned in the previous section, they 
cannot be regarded as an alternative to other well-established 
forms of flowmeter, (in particular the electromagnetic 
flowmeter) but should rather be regarded as complementary.
The major region of inaccuracy in conventional flowmeters 
is at low flow rates, and it is in this region that conductance 
change devices are particularly sensitive, and would hence be 
particularly useful. The electromagnetic flowmeter is, in its 
normal form, essentially a device to be used during surgery, 
and a form of the conductance device (see Fig 8.9(c)) can be 
used in a similar fashion.
The form of electromagnetic flowmeter developed by 
MILLS (1966) in which the magnetic field coils and electrodes 
are mounted in a catheter head, suffers from the disadvantage 
that flow rate is dependent on the unknown inner diameter of 
the vessel. This flowmeter gives a reading which is a function 
of blood velocity and not flow rate. The conductance type 
flowmeter also has vessel inner diameter dependency, but may 
be used to obtain this measurement, thus turning an apparent 
disadvantage into an advantage. In addition, the conductance 
type would be far less bulky. It may therefore be considered
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as a serious rival t o  the electromagnetic catheter flow­
meter, and superior in applications involving very narrow 
vessels.
The dependence of the reading on haematocrit is another 
instance where an apparent disadvantage may be turned to 
advantage, since the device may also be used to measure 
change in haematocrit, in, for example, situations involving 
massive infusions of blood. The simplicity and cheapness of 
the conductance catheter are obvious attractions, and it is 
interesting to speculate to what extent the diameter of the 
catheter can be reduced, to enable it to be used for such 
applications as investigation of cranial circulation.
Perhaps the simplest technique in the use of conductance 
methods is that using needle electrodes (not investigated 
here)• Their simplicity, ease of application and virtual 
freedom from traumatic effects, may provide sufficient 
advantages to outweigh the lack of accuracy which this 
technique would probably entail. Its use as a detector of 
flow past a blockage may prove to be the most important use 
of conductance measurements.
.SLi Circuit models.
In this assessment of the work performed and the results 
achieved in this investigation, mention must be made of the 
development of a comprehensive circuit model for blood (see 
Chapter 5, Fig 5*9b). This may have implications in all 
work concerned with bioelectrodes for use with alternating 
currents, particularly in analytical problems, for example 
those associated with the electromagnetic flowmeter.
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9« 6 Further work.
Further work stemming from the results obtained here 
falls into two sections, firstly that concerned with the 
nature of the conductance change, and secondly that concerned 
with the applications.
9*6.1 The conductance change.
The possibility of a link between conductance changes 
and viscosity changes, as previously suggested here, 
together with the need for definitive determinations of 
viscosity at low shear rates, leads to the requirement that a 
viscometer based on the Deer variable shear stress rheometer 
be built, having the additional facility for measurement of 
conductance simultaneously with viscosity. This particular 
form of viscometer is unique in that shear stress, rather 
than shear rate is the controlled variable. To date, no 
results have been published on the use of this viscometer 
for obtaining information on blood at low shear rates.
Reliable determination of blood viscosity at low shear 
stress will enable the nature of the yield stress to be 
investigated, and also a final decision on the validity of 
CassonTs equation to be made. Flow profiles for blood flowing 
in a long smooth tube under both steady and pulsatile 
conditions may be computed from these results. Of more 
immediate interest would be the relation between CassonTs 
equation and conductance changes. With suitable design, it 
may also be profitable and possible to investigate viscosity 
and conductance changes as functions of changing shear stress. 
It is not known to what extent the rate of change of shear
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stress has any significance on these two quantities, but if 
there is any such dependence, this would be important in 
pulsatile flow.
The results obtained here have been from blood bank 
samples. The development of a catheter head based on 
conductance changes leads to the possibility of obtaining 
information on these changes in vivo.
9.6.2 Catheters.
The development of catheters of smaller diameter is an 
obvious requirement, this being the direction in which the 
use of the conductance change effect shows greatest promise. 
Since 1.2 mm catheters have been built without any special 
jigs or tools, and without any special skills or expertise, 
the possibilities of building smaller diameter catheters 
are very promising. Small diameter catheters would allow 
exploration of the circulatory system in regions not yet 
attempted.
Work also needs to be done on the processing of the 
signals received from the catheter head. While linearizing 
circuits would be required for large signals involving 
major changes on the conductance curve, the exploration of 
narrow vessels may result in low amplitude signals not 
requiring linearization.
For detection of very small flows past a blockage, 
particularly if it is merely a matter of determining the 
existence or otherwise of flow, then the simplest circuitry 
would suffice.
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Table 9«1 To show anisotropy exists in moving blood but 
not in stationary blood.
Electrodes Rcal Rm Rs
a R AR/R ' s gm gs
Transverse 480 735 752 17 2. 2% 4.91
OOO
Long. 1086 1612 1701 89 6.6% 5.06
OOO
Sample No. H73 
Cell No. 8.
Temp. = 20°C, f = 100 kHz.
Electrodes Rcal R R m s
A  R a r /r
' s gm gs
Transverse
Long.
479
1086
718
1586
741
1698
23
112
3.1%
6.6%
5.01 
5. 16
4. 86 
4. 82
Sample No. H74 
Cell No. 8.
Temp. = 20°C, f = 100 kHz.
Conductivity g calculated from:-
Rcal /g = — 7T- x 7-52 mS/cm.
where R is or Rg as appropriate.
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Appendix A9
A9.1 Newtonian flow in a long smooth vessel of constant 
cross-sectional area.
The following assumptions are made:-
(a) Viscosity ju  is a constant.
(b) Flow is laminar, with flow lines parallel to the walls.
(c) Pressure is constant over any cross-section.
(d) Motion is steady (non-pulsatile).
(e) The liquid is incompressible and at constant temperature
(f) Motion of liquid is zero at the boundary.
Using symbols as indicated in Fig A9.1, shear stress 
at any point may be found by considering a cylinder of 
liquid, radius y.
The net force acting on the cylinder to cause motion 
2
is ^ P ^ y  where ^P = Pj - is the pressure drop
over length £  •
The shearing force is given by 2TTy£'C» Equating these
The relationship between shear rate and shear stress 
may be put in the form:-
^P7T y2 2/7 y ^ T (A9.1)
(A9.2)
The negative sign occurs because velocity decreases 
with radius y.
Integrating, v ^  = “ y2/4)
where C is a constant, found from putting v^y) = 0
at y = r, when:-
v(y) = f h ' (r2 - y2)... ....  (A9‘3)
which is the well-known parabolic distribution of velocity, 
as shown in Fig A9.2
A9.2 Flow in a long smooth vessel, of constant cross-section, 
containing liquid obeying CassonTs equation.
The previous assumptions still hold, with the exception 
of assumption (a)•
Casson's equation,
1 l l I
2 = a2 $ 2 + b 2
■ ' \
is valid for £ 0, i.e. X  }  b, both X  and b being
positive. For TT <[ b, ^ = 0. (See Fig A9-3)
Equation A9.1 is still valid, but equation A9•2 must 
now be rewritten:-
l
-r i = ai (- + b* ... (A9.4)
Substituting for X in equation A9.1,
l l
a*(-g)3 + ki - (i?)3 - a *
where k =
Rearranging,
|j—  = (~ky -b + 2k2y 2b 2)  (A9.5)
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This has a zero when y = b/k = rQ 
which is independent of radius r.
(A9.6)
Integrating equation A9.5 and putting v(y) — q at 
y = r (flow vessel radius) yields
V(y) = k-(-— 2- + b(r - y) - ^ k2b 2(ri - )
which can be put in the form:-
v(y> = ? i (y"'fjr~') + ro(r - y) " 3 ro2(ri - y*)}
.....  (A9.7)
within the region r n> y rQ •
If b becomes zero, the second and third terms disappear, 
and the expression reduces to that for Newtonian flow.
When y = r ,J o ’
V/ x = — [ ^ (r - r ) (r + 3** ) - (r*r  ^ “ r ^)](r ) a 12 o 'v o 3 o o /Jo (A9.8)
The normalized velocity is given by
(n) v(y)^v(r )   (A9-9)o
and r is made equal to unity.
Plotting this for the case when r = 1 and rQ = 0.5
gives the curve of Fig A9»4*
Putting the shear layer thickness t = r - r and 
normalizing equation A9•6 gives
r ~ 1 ” .....  (A9.10)
where K = r/2b.
- 338 -
Plotting t/r as a function of K^P/g gives the characteristic 
of Fig A9* 5*
Putting
----- [^(r - r )(r = 3r ) - 4 (r*r 2 - r 2)1ar L2V o v o 3 o o 7 J
°  (A9.U)
enables a curve for V/ x as a function of r to be plotted,
owhere V/ x is the velocity of the !,plugn, i.e. the maximum 
ovelocity. The variation of V/ x with r changes so very
o ^rapidly that it is advantageous to plot the characteristic
in the form log., ~ v/ x as a function of r . This is shown in te10 (rQ) o
Fig A9*6 where the curve has been normalized to the value 
rQ = O.Sr.
(r )v o
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Fig A9.1 Showing symbols used in the derivation of 
velocity profiles.
Fig A9.2 Newtonian (parabolic) velocity profile.
Slope = a
Fig A9.3 Idealized Casson plot.
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Relative
Velocity
Fig A9-4
<
<D
to
to
CD
H
03
HH
Velocity half-profile assuming Casson’s 
equation, for the case when rQ = r/2. 
(Velocity relative to maximum velocity).
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Normalized
Shear
Layer 0 .4.
Thickness
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610 2 3 4 5
Pressure Gradient Function K ^ P / £
Fig A9. 5 Variation of normalized shear layer thickness with 
pressure gradient function for a vessel of constant
diameter. Assumes Casson's equation.
2
1
0
1
2
3
Fig A9■6 Variation of log of normalized maximum (plug) 
velocity with plug diameter.
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THE EFFECT OF FREQUENCY CHANGES ON THE 
ELECTRICAL CONDUCTANCE OF MOVING AND 
STATIONARY BLOOD*
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Abstract— The effect o f frequency variation on the changes in conductance which take place 
when blood changes from the stationary to the moving state were investigated. The effect of 
electrode disposition was found to have a marked influence on the degree o f change. A  con­
ductivity cell for measurements on moving blood is described, in which the electrodes are 
totally immersed in the sample.
INTRODUCTION
A  c o n s id e r a b le  amount o f  work has been done 
in the past on measurements o f  impedance o f  
blood between a pair o f  electrodes, and also with 
4-electrode systems. It is well known that blood  
experiences a change o f  impedance i f  the flow  
rate changes, for example from the stationary to  
the m oving state. (S ig m a n  et al., 1937; V e l i c k  
and G o r in ,  1940; L ieb m a n  et al., 1962; G e y e r ,  
1969; G o l l a n  and N a m o n , 1970).
This impedance change consists o f  two  
com ponents, a conductance change and a 
polarisation change. Various attempts have been 
m ade to utilise these changes for the purpose o f  
clinical measurement o f  blood flow directly 
( D a v is ,  1969) and using plethysmographical 
m ethods. Usually, the conductance change has 
been used.
Measurements o f  the impedance o f  blood are 
com plicated by the large number o f  parameters 
involved. These include temperature, velocity, 
velocity profile, lumen o f  tube or vessel, disposi­
tion o f  electrodes, shape and material o f  elec­
trodes, and variations in the physiological state
o f the blood. These latter includes the erythrocite 
concentration and, in particular, the presence o f  
any haemolysis. Other possible causes o f  varia­
tion may include disease. These com plications 
have led to the majority o f  investigators perform­
ing tests at one arbitrarily chosen frequency 
in order to reduce the number o f  parameters 
involved. The frequency was often chosen by 
the capabilities o f  existing equipment.
To utilise velocity changes for the purpose o f  
clinical measurement, it was considered that a 
knowledge o f  the way in which these changes 
depend on frequency would be o f  value in 
deciding the optimum frequency or frequency 
range, and also that such information would  
enable the effects o f  polarisation (at the elec­
trodes— see later) to be minimised if  desired.
Frequency-response curves were obtained for 
a number o f  samples o f  time-expired bloodbank  
blood treated with citrate, and some samples o f  
fresh dog blood were also tested.
In performing tests on very simple electrode 
systems, using physiological saline for standard­
isation, spurious changes in impedance were
* Received 17th January 1972
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observed at elevated temperatures when using a 
pulsatile pump. This was found to be due to heat 
losses at the electrodes, and led to the design o f  
an electrode system com pletely immersed in the 
sample.
A n  investigation into the effect o f  the electrode 
disposition on these changes showed that 
electrodes positioned in line with the blood flow
Co
-Ih
A\-
Ci
Rl
Fig. 1. a Simple equivalent circuit for a liquid between 
two electrodes. If C0 is sufficiently large, and Ci suffi­
ciently small, then Y  =  l / Z  =  G+jcoC1 +  (jG 2/coCo) 
approximately, assuming the frequency is high enough 
to make w (=  277f )  much greater than G /C 0. b A  circuit 
giving better equivalence at high frequencies. In this case, 
G =  1 /(R 0 +  R i). Equivalent expressions for high 
frequencies are now much more complicated.
exhibited a significantly greater change compared  
with the m ore usual laterally disposed electrodes. 
This effect was noticed by Sigman et al. as long  
ago as 1936, but their results did not indicate the 
full significance o f  the increased change, and 
later workers appear to have concentrated on
amplifier c.r.o.
liquid under t e s t
Fig. 2. Simplified circuit for measuring impedance o f a 
liquid using a transformer ratio-arm bridge. Using 
symbols as on the equivalent circuit, Rx =  1/G , 
Cx =  C t +  (G 2/ 2co Co).
laterally disposed electrodes.
IM PEDANCE OF A LIQUID BETWEEN  
TWO ELECTRODES
The impedance o f  a liquid between two 
electrodes, signified by Z , is a function o f  the 
frequency o f  the applied voltage. The liquid may 
be considered as having bulk resistance (although  
conductance, G, the reciprocal o f  resistance, is 
more com m only used for a liquid), bulk polarisa­
tion and, at the electrodes, surface polarisation. 
This latter is dependent on the electrode material, 
surface cleanliness and sm oothness as well as the
con n ectio n  lead s  
to  bridge
l l
(A
direction  of flow
pump
blood sam ple w a te r  bath a t
controlled  
tem p era tu re
Fig. 3. The blood-flow circuit. The direction o f flow  
ensures that the blood at the point o f measurement is at 
the same temperature as the bulk o f the blood sample. 
Adequate mixing o f the sample to ensure temperature 
uniformity as well as uniform erythrocite distribution is 
essential.
degree o f  ionisation o f  the liquid. It is generally 
rather unstable. The effect o f  surface polarisation  
on the external capacitance, i.e. the capacitance 
which can be measured, is also dependent on  
electrode separation and size.
It is useful, in considering the electrical 
performance o f  such an arrangement, to be able 
to equate it to the performance o f  an equivalent 
electrical circuit containing passive com ponents.
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A simple form o f such a circuit is shown in  
Fig. la ,  where the com ponents each have a 
physical significance, the capacitance C0 repre­
senting polarisation at the electrode surface, 
C 1 the bulk polarisation and G the conductance. 
This equivalent circuit is approximate, in that 
the com ponent values vary to som e extent with 
frequency, and the performance o f  this circuit
r
^3$ \
I
4 'ft
1
kl
a b c
Fig. 4. Cross-section through conductivity cells. 
a  Circular electrodes, disposed at right angles to flow, 
flush with tube walls 
b Circular electrodes, one downstream of the other 
c Wire electrodes, one downstream of the other.
differs considerably from the performance o f  the 
liquid at the high end o f  the frequency range, 
where, however, it is relatively unimportant. 
However, it has the advantage that it is a 
reasonably simple matter to obtain values for 
each com ponent which will be valid over a 
limited frequency range.
It is reasonable to expect the conductance G 
to be approximately constant over a wide range, 
but, o f  course, it cannot be measured directly. 
However, if  C0 is sufficiently large and C x 
reasonably small, it becomes possible to measure 
G  in  parallel with a small capacitance represent­
ing C, over a wide frequency range. C 1 must be 
reasonably small to allow for manipulation, and
C0 large enough that its reactance, 1 JcoC0, is 
small enough at the frequencies considered, to be 
negligible. Ideally, this value should be zero. 
By taking measurements over this frequency 
range, it is possible to obtain values for both C0 
and C u  but this w ill not be discussed here.
The equivalent circuit o f  Fig. lb , as suggested 
by S c h w a n  (1955 and 1968) has a closer 
equivalence at the higher frequencies. The sum  
o f  the resistances R 0 and R 1 gives the reciprocal 
o f  the conductance G o f  Fig. lb , and C0 is the 
electrode polarisation. The resistance R 0 is often 
equated to electrode polarisation resistance, but, 
although this leads to a simple equivalence 
between electric circuit values and physical 
phenomena, it is not necessarily true. The object 
o f  introducing R 0 is simply to enable R t to be 
regarded as a constant at high frequencies. The 
capacitance C2 causes the effective conductance 
o f  the circuit to increase at these high frequencies. 
The evaluation o f  circuit com ponents to  be 
equivalent to a given electrode assembly in a 
liquid now becomes much more difficult.
M ore complicated * circuits, giving a closer 
approximation, have been suggested, but the 
improved equivalence is hardly worth the extra 
com plication, bearing in mind the degree o f  
accuracy required or obtainable.
- Blood is the only substance which exhibits 
considerable changes in both conductance and 
polarisation when its velocity varies. The results
“  0-8 m oving
sta tio n a ry
cell in Fig 4 b  
freq uency  = 2 0 0  kHz
<- 0 -4
2 0  3 0  3 6 -8  4 0
te m p e r a tu r e , d eg  C
F ig . 5. Change in conductivity (relative to half-strength 
physiological saline at 20°C and measured at a frequency 
of 200 kHz) o f a typical blood sample as the temperature 
rises.
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discussed here relate to changes in conductance 
only.
M ETHOD OF MEASUREMENT  
Electrical circuit
A  circuit based on the transformer ratio-arm  
bridge was chosen as being the m ost suitable 
because o f  its many advantages compared with 
other forms o f  bridge. The totally immersed cell 
finally decided on would have been, in all 
probability, unusable with any other form  o f  
bridge owing to the large values o f  earth 
capacitance and leakage involved, and the 
requirement to take measurements at relatively 
high frequencies, o f  the order o f  megahertz. 
Other important features o f  this bridge include 
a wide frequency range with the possibility o f  
good accuracy. It was estimated that the electrical 
errors were kept within the range ±  1%, and this 
is well within the limits o f  variation which could  
occur owing to imperfect mixing o f  the sample, 
temperature variations and gradients, variations 
in the condition o f  the sample, form ation p f  
thromboses etc.
The impedance between the electrodes is 
measured in terms o f  a parallel com bination o f  
resistance and capacitance, since a series 
com bination would require values o f  capacitance 
too large for convenience. A  simplified form o f  
the circuit is shown in Fig. 2. It should be noted  
that Cx is, in general, small.
Blood circuit
A  closed-loop blood circuit was set up, in 
which the blood was maintained at constant 
temperature using a water bath, and m otion was 
produced by means o f  a peristaltic (roller) pump. 
Rapid changes in temperature were avoided to 
allow the measurement cell to take up the 
temperature o f  the blood. The direction o f  flow  
o f  blood is important, to make certain o f  the 
temperature o f  the blood at the point o f  measure­
ment, and is as shown in Fig. 3.
Conductivity cell
The effect o f  electrode polarisation may be 
eliminated by the use o f  a 4-electrode method o f
measurement. However, the electrodes them­
selves may produce distortion o f  the current flow  
lines ( S c h w a n ,  1955, and 1968), and further 
measurements over a wide frequency range may, 
as already indicated, enable the electrode 
polarisation to be estimated if  desired. The 
4-electrode m ethod is essentially a low-frequency 
technique because o f  earthing difficulties, and,
•2
•0
m oving
sta tio n a ry
moving
Z 0-6
sta tio n a r y
0 -4
0-10-01
frequency, MHz
Fig. 6. Variation o f relative conductivity with frequency. 
The curves above are from the cell in Fig. 4c, but closely 
similar results have been obtained for other cells used.
in any case, the simplicity o f  a 2-electrode system  
has much to commend it, particularly for clinical 
measurements, and, in any case, it is possible to  
use frequencies high enough to enable polarisa­
tion effects in the 2-electrode cell to  ]be reduced 
to manageable proportions. It was decided to  
reject the 4-electrode cell for the purposes o f  this 
investigation.
The necessity for complete immersion o f  the 
conductivity cell in the liquid under test to achieve 
temperature stability has already been m en­
tioned. The basic construction consists o f  an 
acrylic tube, with electrodes either flush with the 
inner walls, presenting a circular surface to the 
liquid, or in the form o f  wires traversing the 
tube at rightangles to the direction o f  liquid flow. 
Electrical connections are m ade on the exterior 
surface o f  the tube, and the connecting wires are 
embedded in Araldite (epoxy resin) (see Fig. 4). 
The complete assembly is immersed in the sample 
to such a depth that the electrodes are well
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covered, in this way maintaining the electrode 
temperature at the temperature o f  the sample.
Vertical m ovem ent o f  the assembly does not 
have any effect on the readings obtained. Stray 
capacitances and leakage are bound to be 
considerable in this form  o f  construction, but the 
cell is workable at high frequencies using a 
transformer ratio-arm bridge.
Electrode materials
The use o f  a relatively cheap material for 
electrodes has obvious advantages. Stainless 
steel has the disadvantage that its electrode 
polarisation tends to be unstable. A  careful 
cleaning routine helps, but cleansing agfents 
themselves have to be carefully removed, other­
wise the blood may be damaged. For example, 
a trace o f  Savlon appears to have a very 
deleterious effect on blood. It is considered 
preferable to avoid the use o f  such agents.
Instability is considerably less with platinum, 
which is, o f  course, expensive: however, a useful 
improvement is obtained with silver. The degree 
o f  instability is related to the strength o f  the 
solution, and blood presents less difficulties in 
this respect than full-strength physiological saline. 
Fortunately, instability in electrode capacitance 
is insufficient to affect conductivity measure­
ments in blood at higher frequencies.
Results included here have been obtained with 
silver electrodes, although both platinum  and 
stainless-steel electrodes have been used in this 
investigation.
RESULTS
It has already been pointed out that the 
impedance o f  blood depends on a number o f  
parameters, both physiological and electrical, 
and the effects o f  the more important electrical 
parameters only are discussed here. The results 
included have been selected from experiments on 
a large number o f  samples, and m ay be taken as 
typical. There is, o f  course, a degree o f  spread 
from sample to sample and the effects o f  physio­
logical parameters have not yet been fully 
investigated. However, it has becom e apparent 
that the conductance/velocity change decreases
considerably with deterioration o f  the blood.
The deterioration o f  the sample during testing 
is always a possibility, and back-checking o f  
results has been routine. Deterioration has been 
observed on occasion, particularly with old  
samples, and also with some samples o f  dog  
blood where the animal had previously been, 
treated with Dextran.
When blood changes from the stationary state 
to the m oving state, the change in impedance 
takes place very quickly, e.g. in less than 1 s, 
and reaches saturation value at very low  values 
o f  flow velocity. W hen blood changes from the 
m oving to the stationary state, the change takes 
place much m ore slowly, and com es to a constant 
value in a roughly exponential fashion. W ith  
blood in good condition, the change is completed  
in a few seconds, but it may take considerably 
longer if  deterioration has occurred. To obtain  
a standard procedure for comparison purposes, 
the value o f  the impedance 60 s after com ing to 
rest was taken as the stationary value in each 
case.
The results shown in Figs. 5 and 6 are expressed 
as the ratio o f  the conductivity o f  blood to the 
conductivity o f  half-strength physiological saline 
solution at 20°C and at a frequency o f  200 kH z,
200
cell in Fig Ac
values for sta tio n a ry
blood
15 0
a  1 0 0
20
5 0
0-01
frequency, MHz
Fig . 7. The variation of the measured value of capacitance 
Cx with frequency. Characteristics for other cells are o f  
similar shape, but the geometry o f the electrodes causes 
some displacement o f the curves. Values for moving 
blood differ slightly.
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for each cell, thus giving the ‘relative conducti- 
vity’.
The effect o f  temperature change is shown in 
Fig. 5. Over the range 20-37°C, the conductance 
increases by nearly 35%, sufficient to warrant
12
10
8
6
4
2
0
cn
c
o
6 -
0-1 1 10
freq u en cy , MHz 
b
Fig . 8. The percentage change in conductance in a 
typical sample o f blood as it changes from the moving to 
the stationary state. The lettering o f the curves corres­
ponds to the conductivity cells o f Fig. 4.
a t =  36-8°C  
b t =  20°C
the use o f  temperature control if  reasonably 
accurate results are desired.
Frequency-response curves are shown for the 
measured conductance and capacitance in 
Figs. 6 and 7. The conductance is appreciably 
constant over a fairly wide range. In this region, 
the effect o f  electrode polarisation may be 
neglected and the value o f  the conductance 
recorded may be taken as the true value. A t 
lower frequencies, the electrode polarisation  
causes an apparent decrease in conductance. A t 
high frequencies, there is an increase in conduct­
ance (taken into account in the equivalent circuit 
o f  Fig. lb), but this is accompanied by a decrease
in the conductance/velocity change, as shown in 
Fig. 8.
The effect o f  the electrode disposition is also  
shown in Fig. 8, and it w ill be noticed that, 
whereas electrodes on opposite sides o f  the tube 
give changes o f  the order o f  4% maximum, the 
wire-electrode cell, with the electrodes disposed  
in the direction o f  flow, gives changes with a 
maximum value in excess o f  10%. The wire- 
electrode cell is rather impracticable, in that the 
electrodes encourage thrombus form ation, and 
cleaning is necessary.
This need be relatively infrequent, say every 
half hour, when using citrated blood in good  
condition. The changes obtained with the cell 
in Fig. 4b combine changes o f  impedance in the 
lateral and longitudinal directions, and, as would  
be expected, the results fall between those o f  the 
cells o f  Figs. 4a  and c at approximately 7%. 
The flush electrodes as used in the cells o f  Figs. 
4a and b have given no trouble due to thrombus 
formation.
DISCUSSIO N
The variation o f  measured capacitance with  
frequency shows that avoidance o f  considerable 
electrode-polarisation effects requires the use o f  
high frequencies, i f  the use o f  a 4-electrode system  
is to be avoided. A t the high end o f  the frequency 
range, although the polarisation effect may be 
very small, the conductance/velocity change is 
reduced. Midrange frequencies o f  the order o f  
100 kH z should be used for electrode systems 
similar to those used here. The optim um  value 
depends largely on electrode 'geometry; in  
particular, increase o f  electrode separation  
decreases the effect o f  polarisation but, at the 
same time, decreases conductance.
The increased conductance/velocity change 
experienced with longitudinally disposed elec­
trodes compared with laterally disposed elec­
trodes is obviously o f  great significance when  
considering clinical applications. Laterally 
disposed electrodes have been found to have a 
considerable polarisation/velocity change, and 
this is undesirable when using a conductance 
change. It would be possible, though, to use
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the polarisation/velocity effect as the basis o f  
clinical instrumentation, when it becom es advis­
able to place the electrodes close together.
The control o f  temperature and avoidance o f  
temperature gradients has been shown to be 
important. Results obtained from b lood samples 
in which these factors are ignored are o f  doubtful 
validity, and may be a contributory factor in the 
conflicting results which have been obtained in 
the past.
The intention is to use the conductance/ 
velocity change as the basis o f  a catheterisation  
technique for the detection o f  small flow rates. 
The temperature o f  the electrodes cannot be 
other than the temperature o f  the blood in which  
the catheter is immersed. M ethods based on 
external measurements o f  overall electrical 
im pedance o f  limbs etc., as used in plethysm o­
graphy, seem to be unreliable as due care does 
not appear to be taken to avoid heat loss at the 
electrodes.
A  number o f  theories have been suggested to  
account for the conductance /velocity effect. The 
increased change experienced with longitudinally  
disposed electrodes indicates that flowing blood  
m ust becom e anisotropic, and the red cells may  
show som e form o f  alignment. This assumes 
that at rest, i f  no settling has taken place, the 
distribution o f  cells is random. Alignm ent owing 
to m otion would result in a ‘Venetian-blind’ 
effect, the red cells behaving as nonconductors in 
a conducting field.
W hen investigating the viscosity o f  blood, 
Sc h m id -Sc h o n b e in  and W e l l s  (1969) obtained  
photomicrographs, and L ieb m a n  (1970) showed  
theoretically that the erythrocytes becom e 
deformed in the direction o f  m otion, taking the 
form  o f  prolate ellipsoids. This would account 
for the increased change o f  conductance in the 
longitudinal direction. This theory requires the 
existence o f  laminar flow, and a decrease in 
conductance would be expected in the presence 
o f  turbulence. Such a decrease does not occur 
( C o u l t e r  and P a p p e n h e im e r , 1949).
This anom aly is resolved by consideration o f  
the rheological properties o f  blood. B lood is a
non-New tonian liquid, and the concepts applic­
able to N ew tonian liquids do not apply. It is 
well known that the viscosity o f  blood decreases 
as the shear rate increases. The results o f  a 
number o f  workers have been summarised by 
W h itm o r e  (1967), who shows there is a roughly 
inverse relationship between viscosity and shear 
rate.
W hen any liquid flows down a tube, the shear 
rate is always greatest near the wall o f  the tube. 
It follow s that the viscosity o f  blood is least near 
the wall. This allows the blood flowing in the 
centre o f  the tube, the ‘axial core’, to exist in a 
laminar flow, while turbulence m ay set in near 
the wall.
A n effect o f  this form  has been suggested as 
being due to the m igration o f  erythrocytes to ­
wards the centre o f  the tube or vessel, turbulence 
then occurring in the remaining plasma near the 
wall. However, the results observed in this 
investigation with a pulsatile flow show that such 
a migration would need to take place almost 
instantaneously. The deform ation o f  erythro­
cytes previously m entioned w ill account for the 
variation o f  viscosity with shear rate, and the 
variation o f  shear rate accounts for the. ‘axial- 
core’ effect, w ithout the necessity for migration 
towards the centre.
I f  the average velocity is now  increased, the 
turbulent phase or region o f  cross-section will 
increase, while the laminar phase m oves towards 
the centre. It is in the laminar phase that the 
impedance changes occur. In m oving towards 
the centre, the impedance changes are m ain­
tained appreciably constant. Owing to the large 
changes in viscosity, the turbulent layer need 
vary only very slightly in width for very large 
changes in flow rate. This enables the axial core 
to be maintained, and allows the im pedance/ 
velocity characteristic to remain constant at these 
higher velocities.
Acknowledgment—Thanks are due to the Department o f  
Biomedical Engineering, King’s College Hospital Medical 
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APPENDIX  
Cell dimensions were as follows:
Bore in each case =  approximately 5 • 5 mm  
Circular electrodes, 2 • 38 m m  diameter 
Wire electrodes, 0-63 mm diameter, separated 
by approximately 10 mm.
Cell constants, taken with half-strength physio­
logical saline at 20°C and a frequency o f 200 kHz:
Cell (Fig. 4) a  478 Q
b  1357 O
c 670 Q
EFFET DES C H A N G E M E N T S D E  F R E Q U E N C E  SU R  LA  
C O N D U C T A N C E  ELECTRIQUE D U  S A N G  E N  D EPLA C E­
M E N T  ET STA TIO N N A IR E
Sommaire— Les effets de variation de frequence sur les changements de conductance se 
produisant lorsque le sang passe de l’etat stationnaire au deplacement, ont ete etudies. On a 
trouve que I’effet de disposition de 1’electrode a une influence marquee sur le degre de change- 
ment. Une cellule pour la mesure de conductivity du sang en deplacement, et dont les electrodes 
sont completement immergees dans l’echantillon, est decrite.
D IE  A U SW IR K U N G  V O N  F R E Q U E N Z A N D E R U N G E N  A U F  
D IE  ELEKTRISCHE LEITFAH IG K EIT V O N  FLIEBENDEM  
U N D  STATIO NAREM  BLU T
Zusammenfassung—Die Auswirkungen von Frequenzanderungen auf die Anderungen der Leit- 
fahigkeit, welche beim Obergang des Blutes vom stationaren zum flieBenden Zustand auftreten, 
wurden untersucht. Es wurde festgestellt, daB der Effekt der Elektrodendisposition einen 
entscheidenden EinfluB auf den Anderungsgrad hat. Eine LeitfahigkeitsmeBzelle, bei der die 
Elektroden vollstandig in die Probe eingetaucht sind, wird fur die Messungen mit flieBendem 
Blut beschrieben.
L6
quivalent
circuit
EFFECT OF MOTION ON THE 
ELECTRICAL IMPEDANCE 
OF BLOOD
REGINALD FREWER
If the electrical impedance is measured between two electrodes 
immersed in a sample of blood, a change in this impedance can be 
observed if the blood moves1-5, relative to the electrodes. This change 
has two components, a conductance change and a polarisation change. 
Blood is the only substance which exhibits changes in both these  para­
meters when its velocity varies. Attempts have been made to utilise 
these  changes both directly6 and indirectly (using plethysmographic 
methods) to measure blood flow. Usually the conductance change has 
been used.
The impedance of a liquid between two electrodes is a function of the 
frequency of the applied voltage. The liquid may be considered as hav­
ing bulk resistance (although conductance is more commonly used for 
a liquid), bulk polarisation, and electrode polarisation. The last is 
dependent upon electrode material, shape and separation, cleanliness 
and smoothness, and ionisation of the liquid. It is normally unstable. 
A simple equivalent circuit is shown in Fig. 16.1. More complicated 
circuits, giving a closer approximation, have been sugges ted7’8 but the 
improved equivalence is hardly worth the extra complication.
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F ig .16.1 Variation o f  relative conductivity and effective capacity (stationary) 
with frequency for a typical blood sample. Conductivity is measured relative to 
j- strength physiological saline at 20° C and 200 kHz. Results from cell(b).
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A circuit based on the transformer ratio-arm bridge was used (no othe 
being suitable) and the impedance measured as a parallel combinatio 
of resistance and capacitance, since a series combination would requir 
unduly large values of capacitance (see Fig. 16.1).
The four-electrode method is essentially a low-frequency techniqu 
because of earthing difficulties, and the simplicity of a two-electrod 
system has much to commend it, particularly for clinical measurements 
Since the two-electrode cell permits the use of frequencies high enoug 
to reduce polarisation effects to manageable proportions, it wa 
decided to reject the four-electrode cell for the purposes of this investi 
gation. Spurious changes in impedance were observed (in physiologica 
saline) at elevated temperatures when using a pulsatile pump. Thi 
was due to heat losses  at the electrodes, and an electrode syste 
immersed in the sample was designed. The cell consists  of an acryli 
tube, with circular electrodes flush with the inner walls, or wire elec 
trodes traversing the tube at right angles to the direction of liquid flow. 
Electrical connections are made on the exterior surface of the tube 
and the connecting wires are embedded in epoxy resin. The complet 
assembly is immersed in the sample so that the electrodes are wel 
covered, thus maintaining the electrodes at the temperature of th 
sample.
When blood changes from the stationary state to the moving state, the 
change in impedance takes place in less than one second and reaches 
saturation value at very low values of velocity. The reverse change takes 
place much more slowly, and comes to a constant value in a roughly 
exponential fashion. With blood in good condition the change is com­
pleted in a few seconds, but may take considerably longer if deteriora­
tion has occurred. In order to establish a standard procedure, the value 
of impedance 60 seconds after coming to rest was taken as the station­
ary value in each case.
Frequency response  curves for cell (b) are shown for measured conduct­
ance and capacitance in Fig. 16.1. Conductivity is measured relative to 
i  s trength physiological saline at20°C and 200 kHz. The conductance is 
appreciably constant over a fairly wide range. In this region, the effect 
of electrode polarisation on conductance may be neglected and the 
value of conductance taken to be the true value. At lower frequencies 
the electrode polarisation causes  an apparent decrease in conductance 
At high frequencies there is an increase in conductance but this is 
accompanied by a decrease in the conductance/velocity change, as 
shown in Fig.16.2, where the percentage change in conductance as a 
sample of blood changes from the moving to the stationary state is 
shown as  a function of temperature and the frequency of the measure­
ment voltage.
The effect of electrode disposition is also shown in Fig. 16.2. 
W hereas electrodes on opposite sides of the tube give changes of the 
order of 4 per cent, maximum, the wire-electrode cell, with the elec­
trodes disposed in the direction of flow, gives changes with a maximum 
value in excess of 10 per cent. This effect was noticed by Sigman et a/.1 
in 1936, but their results did not indicate the magnitude of the increased 
change. Fig. 16.3 shows the effect of diluting a sample of blood with 
plasma (from a sample of the same group).
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Fig. 16.2 The percentage change in conductance in a typical sample o f blood 
as it changes from the moving to the stationary state. The curves show the 
important effect o f  electrode disposition.
Fig. 16.3 The effect o f diluting a sample o f  blood with plasma. Note the rapid 
decrease in the conductance/velocity effect.
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The variation of measured capacitance with frequency shows tha 
avoidance of considerable electrode polarisation effects requires th 
use of high frequencies, although at the high end of the frequenc 
-rang e rwh e re t  h e p  o I a ri sati o neff ec tm a y b  ev  erysmal I/The con d u eta n ce 
velocity change is reduced. The increased conductance/velocit 
change measured with longitudinally disposed electrodes compare 
with laterally disposed electrodes is of great significance when con 
sidering clinical applications. Laterally disposed electrodes have 
considerable polarisation/velocity change, which is undesirable whe 
using a conductance/velocity change. It would be possible, neverthe 
less, to use the polarisation/velocity effect as the basis of clinica 
instrumentation, when it becomes advisable to place the electrodes 
close together. Various theories have been suggested to account fo 
the conductance/velocity effect. The increased change experienced 
with longitudinally disposed electrodes indicates that flowing blood 
must become anisotropic, and the red cells may show some form of 
alignment. This as sum es that at rest, if no settling has taken place, 
the disposition of cells is random. Alignment due to motion would 
result in a "Venetian blind” effect, the red cells behaving as  non­
conductors in a conducting field.
When investigating the viscosity of blood9, photomicrographs were 
taken. It has been shown theoretically10 that the erythrocytes become 
deformed in the direction of motion, taking the form of prolate ellip­
soids. This would account for the increased change of conductance 
in the longitudinal direction. This theory requires the existence of 
laminar flow, and a decrease in conductance would be expected at 
high rates of flow due to turbulence. Such a decrease does not occur11.
This anomaly is resolved by consideration of the rheological properties 
of blood. Blood is a non-Newtonian fluid—that is to say the concepts 
applicable to Newtonian fluids do not apply. It is well known that the 
viscosity of blood decreases  as the shear  rate increases. Whitmore12 
shows that there is a roughly inverse relationship between viscosity 
and shear  rate.
When any liquid flows through a tube, the shear rate is always greatest 
near the tube wall. It follows that the viscosity of blood is least near the 
wall. This allows the blood flowing in the centre of the tube to exist in a 
laminar state even at high flow rates. The rapid reduction of the velocity/ 
conductance change as the blood is diluted with plasma coincides with 
the transition of flow from non-Newtonian to Newtonian.
It has been suggested that this phenomenon is due to the migration 
of erythrocytes towards the centre of the tube or vessel, turbulence then 
occurring in the remaining plasma near the wall. However, results 
observed in this investigation with a pulsatile flow show that such a 
migration would need to occur almost instantaneously.
The deformation of erythrocytes mentioned previously will account for 
the variation of viscosity with shear rate, and the variation of shear 
rate accounts for the “axial core” effect, without the necessity for 
migration towards the centre.
If now average velocity is increased, the turbulent phase or region of
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cross-section will increase, while the laminar phase moves towards the 
centre. It is in the laminar phase that the impedance changes occur. 
In moving towards the centre, the impedance changes are maintained 
appreciably constant. Due to the large changes in viscosity, the tur­
bulent layer need vary only slightly in width for very large changes in 
flow rate. This enables the axial core to be maintained, and for the 
impedance-velocity characteristic to remain constant at these  higher 
velocities.
Thanks are due to the Department of Biomedical Engineering, King’s 
College Hospital Medical School, where this work was carried out.
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MEASUREMENT OF AORTIC BLOOD 
1  ry FLOW USING AN EXTRA- 
_L /  CORPOREAL MAGNETIC FIELD
JOHN GASKING
The use of an extracorporeal magnetic field was first described b 
Kolin1 for measuring the flow in a dog aorta. Recently he describe 
the use of a catheter probe for flow measurement using external field
In principle there is no difference between the extra-corporeal and th 
more conventional integral magnet flowmeter. In practice they diff 
in that with an integral magnet flow sensor the orientation of the fiel 
and sensing electrodes is fixed, whereas with an extracorporeal fiel 
C onfigura t ion  the orientation is variable. Fig. 17.1 shows the arrangement of an extr 
corporeal field flowmeter, in which Helmholz coils are used to provid 
the magnetic field. The position shown gives maximum sensitivity an 
minimum transformer signal.
HELMHOLTZ C O I L S
E l e c t r o d e s
1 ^
Fig. 17.1
A flowmeter using extracorporeal fields has all the problems of th 
conventional electromagnetic flowmeter described by Wyatt3-5 plu 
problems associated with the variable orientation of measuring elec 
trodes and magnetic field. These changes in orientation produce thre 
O u tp u t  effects on the output signal obtained from the measuring electrodes
s igna l (1) Changes in the transformer signal induced in the electrode wirin
loop.
(2) Changes in the flux linkages in the electrode wiring loop.
(3) Changes in the measuring sensitivity.
While (1) and (2) may appear similar, they differ in that the signal du 
to (1) will appear with a stationary disorientation of field and electrodes 
and an alternating field and (2) will appear with a steady field and varyin 
orientation.
T ra n s fo rm e r  An integral magnet flow measuring head can be constructed to mini 
s igna l  mise the transformer signal by very precise alignment of field an
electrode wiring, any residual signal being dealt with using a syn 
chronous detector. With an extracorporeal field the orientation is bot 
unknown and variable leading to transformer signals as  high as  104 
flow signals. Signals of this magnitude would cause severe overloadin 
of the input amplifier, and be extremely demanding upon the abilit
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I he electrical conductivity ot 
flowing blood
!. A. FREWER BSc (Eng), CEng, MIEE*
lowing blood has a property which is not found in any other liquid, in that 
ts electrical conductivity varies as the flow rate varies. A number of reasons 
ave been suggested in the past to account for this effect. These theories are 
ritically reviewed, and evidence is presented favouring some form of distortion 
f erythrocytes in the direction of flow as being the most likely cause. It is 
uggested that this mechanism may also have a bearing on the variation in 
iscosity which occurs in flowing blood, and may hence be an important factor 
‘ i the rheology of blood.
h h e  b e h a v io u r  o f  f lo w in g  b lo o d  is ,
L perhaps, the most complex problem 
in the field of rheology. It has been 
studied by a large number, o f workers; 
in fact, in the early nineteenth century, 
Poiseuille, who laid the foundations of 
flow technology, studied blood flow 
before resorting to the flow of water 
in order to substantiate his well known 
law. Nevertheless, a definitive answer 
is still awaited to many of the ques­
tions arising from flowing blood.
The difference in velocity between 
successive layers of a liquid in stream­
line flow subjects the liquid to a state 
of shear. The rate of change of velo­
city in a direction at right angles to 
the flow direction is termed the shear 
rate, measured in cm/sec per cm, or 
sec-1. In a Newtonian (constant vis­
cosity) liquid, the velocity profile (plot 
of velocity over the cross-section) is 
parabolic, and it is a simple matter to 
relate pressure gradient, flow rate and 
velocity at any point1. However, in 
blood, viscosity varies with shear 
rate 2-6 and the velocity profile becomes 
difficult to determine7-10. The situation 
is rendered far more complex in pulsa­
tile flow, where the velocity profile 
varies in shape during the course of 
each pulse11.
In addition to the variation o f vis­
cosity with flow rate, blood has the 
unique property that its electrical con­
ductivity varies with flow rate. This 
variation is the source of certain errors 
in electromagnetic flowmeters. The 
effect of variation o f  conductivity, due 
for example, to variations in haemato-
* D epartm ent o f M echanical Engineering, 
University o f  Surrey, G uildford, Surrey 
and Twickenham  College o f Technology, 
Twickenham , M iddlesex, U K .
crit or temperature, on flowmeter sensi­
tivity is well known12, but the depend­
ence of conductivity on flow rate, and 
the consequent effect on flowmeters of 
this type has not received so much 
attention. Variation of conductivity 
with flow must be allowed for in some 
methods of electrical impedance 
plethysmography13 and also in indica­
tor dilution methods of measuring flow 
in which passage of a bolus of saline 
solution is detected by measurement of 
electrical impedance14. An attempt has 
been made to use impedance variation 
for monitoring flow, using low- 
frequency currents15. It has been sug­
gested by the author that a fuller 
appreciation of all the factors on which 
conductivity variations depend may 
lead to new methods of measuring 
blood flow, using higher frequency 
currents16.
The variation of blood conductivity 
with flow rate is a property related to 
the flow behaviour of blood, and it is 
a purpose of this paper to establish 
a link between the electrical and Theo­
logical properties of blood. Any new 
evidence in either of these fields is 
particularly important in its applica­
tion -to electromagnetic flowmetry17, 
apart from the other applications 
mentioned above.
Methods
When alternating electrical current is 
made to pass through a liquid, the 
impedance* to current flow includes a 
contribution from the electrodes. 
Electrodes, o f course, form the essen­
tial link between the liquid and the 
external electrical measuring circuitry. 
It so happens that electrode effects
diminish with increasing frequency18, 
and this property was made use of in 
the results described here, where fre­
quencies were used high enough to 
make electrode effects on conductivity 
measurements negligible.
Under these conditions, the liquid 
may be represented over a wide fre­
quency range by a capacitor and resis­
tor- in parallel, and this arrangement 
makes a convenient measuring circuit, 
with continuously variable components. 
The measuring circuit was included as 
the “standard” arm of an inductively 
coupled ratio-arm (or transformer 
ratio-arm) bridge, designed to work 
over the frequency range 10 kHz to 
10 MHz. The liquid under test, in this 
case blood, passed through a conduc­
tivity cell and formed the “unknown” 
arm of the bridge. A  fuller description 
of the equipment is given esewhere16.
A  blood flow circuit was set up, in 
which the blood was made to pass 
through open-ended conductivity cells 
of various diameters, and with various 
electrode configurations (Figure 1).
An important feature of the design was 
that the test cells were immersed in the 
blood reservoir so that the electrodes 
were well below the surface, thus main­
taining the electrodes at the tempera­
ture of the blood. It was found that, 
unless this precaution was taken,
spurious results were obtainable due to 
variations in electrode temperature.
Flow was produced using either a peri­
staltic pump or gravity as convenient. 
Samples were time-expired blood from 
the blood bank, each 540 ml sample 
containing 120 ml acid citrate dextrose 
anticoagulant. Every test was repeated 
at least once, to ensure representative 
results, and back-checking o f results
* Electrical im pedance o f  a  liqu id  is the 
ratio o f voltage to current (m easured in 
ohms). Its inverse is the adm ittance, 
m easured in siemens, and the in-phase  
com ponent o f  adm ittance is the con­
ductance. The pro p erty  o f  the liquid, 
not depending on the geom etry  o f  the  
current path, which g ives rise to  its 
conductance, is its  conductivity , m easured  
in se im ensjm .
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as usea extensively 10  ensure mat no 
rious deterioration of blood had 
ken place during a test.
esults
will be seen below that the conduc- 
vity in a sample of flowing blood 
epends on the direction in which it 
measured. Also, it may vary over 
e flow cross-section. It may be 
ssumed that conductivity is uniform 
stationary blood. Thus, in measur- 
g changes in conductivity consequent 
n flow, the best that can be done is 
measure the average change in con- 
uctivity under the conditions o f the 
st, i.e. cell diameter, electrode geo- 
etry, etc. Change in average conduc- 
vity is equal to the negative of the 
easured resistance change, and in the 
esults presented here the conductivity 
f flowing blood is always greater than 
hat of stationary blood. A  typical 
urve showing the variation of average 
onductivity with flow rate is shown 
Figure 2. It may be seen that a 
saturation” effect occurs, giving a 
aximum value of conductivity, and 
enabling a “maximum change” to be 
valuated. Note that this curve .was 
btained from blood diluted with anti - 
oagulant, and, since the conductivity 
hange is also a function of haemato- 
rit, in that increasing heamatocrit 
ncreases the change, it would follow  
hat undiluted blood would be expected 
o give a somewhat greater change. 
The “maximum change” is shown in 
igure 3 as a function of frequency
ig. 1. Cross-section through conductivity 
ells. Diameter — 5'8 mm. (a) Circular 
lectrodes, flush with cell walls. Facing each 
ther across flow stream.
b) Circular electrodes, flush with cell walls, 
ne downstream o f  the other.
c) Wire electrode j crossing flow stream. One 
ownstream o f  the other.
( b )
tor tne anterent eieciroae conngura- 
tions of Figure 1. The important 
features are, first, that the percentage 
change in conductivity is reasonably 
constant over a wide frequency range, 
indicating absence of electrode effects. 
Secondly, in every case the conductivity 
of moving blood is greater than that 
of stationary blood. Thirdly, a much 
greater change is shown in the curve 
obtained with electrodes one down­
stream of the other, compared to that 
obtained with electrodes facing each 
other. The greatest effect is seen in 
the curve obtained with silver wire 
electrodes crossing the bloodstream, 
i.e. situated along a cross-sectional dia­
meter, and with one downstream of the 
other. A  problem with this latter 
arrangement is its susceptibility to 
thrombus formation.
These differences raise the question 
of whether the conductivity in station­
ary blood really is independent of 
electrode configuration. To verify this 
a series of tests was performed using 
a three-electrode arrangement in one 
cell. The electrodes were arranged with 
a pair facing each other, and the third 
electrode situated downstream. Careful 
cleaning of the cell was carried out 
before each test.. Calibration of the 
cell was performed using saline solu­
tion of known strength, and hence o f  
known conductivity, with careful tem­
perature control. Using this calibra­
tion, the conductivity of a sample of 
blood under both stationary and mov­
ing conditions was determined, using 
first electrodes facing each other, and 
secondly electrodes one downstream of 
the other. The test was repeated 
several times, and in each case a fresh 
calibration was performed. For every 
sample tested, it was found that the 
conductivity o f the stationary blood 
was the same irrespective of the direc­
tion of measurement. On the other 
hand, the conductivity of moving blood 
was always greater when measured in 
the direction of motion, i.e. the con­
ductivity of moving blood was aniso­
tropic.
The effect o f test cell diameter is shown 
in Figure 4. The electrode arrangement
Fig. 2. The variation in conductivity as the 
flow rate varies in a typical specimen o f  blood. 
The change is positive, i.e. an increase in 
conductivity as the flow rate increases. Note  
the slowing down o f  the change at high flow  
rates, and the trend to a saturation value.
was as in r  igure i d . in e  cnange m 
conductivity was found to increase 
markedly with decreasing diameter. A  
similar effect was found with electrodes 
arranged to face each other. N o con­
ductivity changes dependent on motion 
were found in blood plasma, and it was 
found that the conductivity change 
increased steadily with increasing haema- 
tocrit.
Previous hypotheses
A number of hypotheses, complete with 
mathematical justifications, have been 
suggested at various times to account for 
the change of conductivity in flowing 
blood. Three of these have achieved 
some popularity, each based on the fact 
that the conductivity of red blood cells 
(erythrocytes) is far less than the sur­
rounding plasma. These three hypotheses 
are as follows:
(a) Axial accumulation, Figure 5a It is 
thought that there is a tendency for 
erythrocytes in flowing blood to drift 
towards the centre-line o f the containing 
vessel, causing the haematocrit to vary 
over the cross section. This would result 
in a variation of the conductance between 
electrodes, and hence of average conduct­
ivity19*20. Since viscosity varies with 
haematocrit, this would have an import­
ant bearing on the flow properties of 
blood.
(b) Orientation o f  erythrocytes, Figure 5b 
' The red blood cells are disc-shaped
(bi-concave discoids) and are assumed 
to be randomly orientated in stationary 
blood. When motion commences, the 
variation of shear rate across the flow 
cross-section is thought to produce a 
torque tending to orientate each cell so 
that the plane of the disc is parallel to 
the axis o f the flow stream. A  variation 
in average conductivity would again 
result21*22.
(c) Distortion o f  erythrocytes, Figure 5c 
The red blood cells consist essentially of  
a thin elastic membrane surrounding a 
liquid interior. When situated in plasma 
undergoing shear, there is a tendency for 
the cells to become elongated in the 
direction o f shear or flow. This again 
would have an effect on average conduct­
ivity23*24.
Fig. 3. The effect o f  varying the measurement 
frequency on the conductivity change as blood  
changes from  the moving to the stationary 
state, in a typical sample.
(a) Electrodes are circular, flush and facing  
each other.
(b) Electrodej are circular, flush and one 
downstream o f  the other.
(c) Electrodes are o f  silver wire crossing the 
flow stream and one downstream o f  the other.
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effects in moving blood, and assume that 
in stationary blood the erythrocytes are 
uniformly distributed, randomly orient­
ated, and undistorted. Other hypotheses 
proposed by some writers are associated 
with conditions in stationary blood, in 
vhich erythrocytes are assumed to 
aggregate in various ways, e.g. clumping, 
ouleaux. However, it has yet to be 
shown whether such accumulation, if it 
exists, would have any appreciable effect 
on conductivity.
It is, o f course, quite possible that a 
combination of two or more of the above 
hypotheses may be responsible for the 
conductivity changes.
Interpretation of 
experimental facts
The finding that conductivity is directional 
in flowing blood and is independent of 
electrode configuration in stationary 
blood gives a strong indication that the 
cause of the'conductivity change must 
be sought in moving blood. Any effects 
due to accumulation of erythrocytes in 
stationary blood would have, at most, a 
minor influence on conductivity, and can 
therefore be discounted. Since conduct­
ivity changes do not occur in plasma, and 
increase steadily with increasing haema­
tocrit, it would appear that the cause 
must be associated with the presence of 
the red cells, since all other cells are of 
much smaller size and very much smaller 
total volume.
Considering first the theory of orient­
ation, it has been shown analytically19 
that if orientation of erythrocytes occurs, 
then the average conductivity in the 
direction of flow would increase, but that 
measured across the flow would decrease, 
compared to stationary blood. This may 
be explained by considering the disc­
shaped cells as effectively non-conductors, 
and if orientation of the cells causes 
minimum interference with current flow 
in the axial direction (due to their
Condu«tlvlty
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Fig. 4. The effect o f  the bore o f  the conduct­
ivity cell on the conductivity change when blood 
motion alters from  fast-moving to the stationary 
state. This curve was obtained from  measure­
ments taken from  several cells o f  different 
diameters, but similar geometry. The elect­
rodes were arranged one downstream o f  the 
other in all cells.
Fig. 5. Sketches illustrating the accepted 
theories explaining the conductivity change in 
flowing blood.
(a) Axial accumulation o f  erythrocytes. Note  
the large variation in haematocrit over the 
cross section.
(b) Orientation o f  erythrocytes. Each red  
blood cell is assumed dhc-shaped, and each 
o f  these discs will appear “edge-on” over the 
cross section.
(c) Distortion o f  erythrocytes. Distortion is 
greatest near the walls, but occurs at all points 
where shearing stress occurs, even though in 
the central region the “yield  stress'’ is not 
exceeded.
maximum interference in the transverse 
direction. However, from the results 
obtained here, it may be seen that in 
every case the conductivity of flowing 
blood is greater than that of stationary 
blood, irrespective of the electrode 
configuration. It thus appears that 
orientation of erythrocytes is not a 
sufficient explanation, and further causes 
other than orientation must be sought. 
It is significant that changes in conduct­
ivity due to motion occur in no medium 
other than blood, not even in media 
containing a suspension of non-spherical 
particles, where orientation could occur.
The theory of axial accumulation has 
attracted considerable attention. Not 
only has this theory been suggested as an 
explanation of conductivity changes, but 
it has also been suggested that the vari­
ation in viscosity with shear rate in 
flowing blood6 (see Figure 6) may be due 
to cross-sectional variations in haema­
tocrit resulting from axial accumulation20. 
There is evidence that axial accumulation 
does occur to some extent, for example 
“plasma-skimming” has been detected 
when taking blood from a side vessel25. 
The increase in conductivity changes with 
decreasing vessel diameter would also fit 
in with this theory. However, it is 
generally accepted that the movement of 
individual cells towards the flow centre­
line is a matter of microns only, and hence 
this effect would be of most significance 
in capillaries. Further, it has been shown 
analytically19 that a very large movement 
of cells towards the centre-line is required 
to achieve a significant change in average 
conductivity. The reason for this is that 
in stationary blood, where the cells are 
randomly distributed, conduction is 
mainly in the plasma. However, each cell 
distorts the current flow lines so that the 
plasma in front of and behind each cell 
does not have a high current density. 
Packing of cells in the central region 
reduces the overall amount o f plasma 
in the cell “shadows” and hence increases 
average conductivity. It is apparent that 
for such a mechanism to be significant,
ERRATUM
Non-invasive intra-thoracic blood velocity measurement in the 
assessment of cardiovascular function 
by G. Cross and L. H. Light
A number of errors appeared in and the 
scales to several figures were omitted 
from this paper which was published in 
he October issue of Biomedical Engineer- 
ng:
Page 466 column 2 The normal analys- 
ng span of the instrument corresponds to 
elocities o f 12-200 cm/seconds (not, as
stated, 12-1200 cm/seconds). However, 
the full vertical scale o f 0-200 cm/ 
seconds is used only in Figure 7 (top 
tracing). The other recordings were 
obtained with the original prototype in 
which the top channel corresponds to a 
velocity o f 140 cm/seconds 
The caption to Figure 13 (page 471)
should read “. . . In the later stages of 
the operation, the blood velocity is seen 
to have decreased to about 40% of the 
pre-operative value.”
Reference 8 should read Journal o f  
Physiology 217, 5-1 P.
Reference 16 should read Journal o f  
Physiology 240, 15-16P.
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ig. 6. Atypical curve showing the variation 
the viscosity o f  blood with shear rate as 
easured with a conventional viscometer.
arge movements of erythrocytes are 
quired. If such movement did occur, 
t would be expected that a maximum 
hange in apparent conductivity would 
e experienced using electrodes flush 
ith the vessel wall. However, it can be 
een in Figure 3 that maximum effect 
as obtained using silver wire electrodes 
rossing the flow stream. This indicates 
hat the increase of conductivity in flowing 
lood is not located at the periphery alone, 
nee again, a further cause must be 
ought.
Distortion of erythrocytes when subject 
o shearing forces, in the direction of  
hese forces, has been shown to occur, 
nd a series of photomicrographs has 
oeen produced, giving conclusive evi- 
ence24. It is perfectly feasible that 
istortion would cause a change in 
conductivity, since the obstruction to 
'urrent flow produced by each cell is 
largely dependent on its profile as pre- 
-ented to the flow lines o f electric current, 
t rest, the surface area of each cell is 
arge for its volume due to the disc shape, 
f  distortion causes the profile to become 
mailer, then an increase in conductivity 
ould result. Another form of distortion 
las also been observed26 in which the 
ells in motion appear to become folded, 
bviously this form of distortion would 
dically reduce the cell profile. Distort- 
on of erythrocytes may be expected to 
ccur wherever a state of shear exists, 
nd is not restricted to the peripheral 
egion. In contrast, axial accumulation 
ould have its maximum effect at the 
eriphery, indeed within a few microns 
f  the boundary wall. Results obtained 
ith wire electrodes point to distortion 
f  erythrocytes as being the most likely 
'ause of the conductivity change.
theological implications
t is apparent, from the previous dis- 
ussion, that variation in conductivity 
ue to motion of blood, is more correctly 
ttributed to variation in shear rate rather 
han motion in general. It is well known 
hat the viscosity of blood also varies 
ith shear rate (see Figure 6). This 
uggests there may be a close link between 
iscosity and conductivity, and it is 
ossible that each effect may be due to
Fig. 7. Velocity profiles.
(a) As in water (Newtonian flow). The profile 
is parabolic.
(b) In steady blood flow a t (/) low flow rate and 
(//) at higher flow rate. (Non-Newtonian flow).
(c) Blood flow in a narrow tube.
the same cause.
The importance of the viscosity of 
blood was highlighted in a recent publica­
tion in Biomedical Engineering27. It is 
very significant that the variation in blood 
viscosity was attributed to the same cause, 
i.e. deformation of erythrocytes, in that 
publication, as that indicated by the 
evidence presented here.
The varying viscosity in blood affects 
the velocity profile and typical shapes 
are shown in Figure 7 7-11. While it is 
true that at very high shear rates the 
profile would become parabolic, as for a 
Newtonian liquid, in vivo the flow is 
pulsatile: during each cycle flow rates 
approach zero, and in arterial flow even 
reverse in direction.
If shear rates in the central portion of 
the flow stream are then so low, the 
question arises as to how the conductivity 
changes appear to occur over the complete 
cross-section, and not merely at the 
periphery, as was indicated by the high 
changes experienced with silver wire 
electrodes crossing the flow stream. The 
answer to this may be found in the shape 
of the conductivity/flow rate character­
istic, where it may be seen that very large 
changes - occur at very low flow rates. 
This indicates that distortion occurs at 
very low shear rates, as would occur in 
the central flow region. This is in agree­
ment with the very large change in blood 
viscosity found at very low shear rates.
Problems concerned with turbulence in 
flowing blood may also become clearer 
from considerations of conductivity 
changes, but will not be dealt with here.
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